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~from earlier works in the sense that it not only yields the correct (unique)
solution for all radiation problems at all frequencies , but that the resulting
integral equations contain no strong (i.e., nonintegrable) singularities and
therefore can be solved by st rai ght forward numerical techniques.~~~ s part of
this research effort two extremely flexible computer programs wer~\developed for
the solution of these axisymmetri c integral equations . These prdgr~~s can be
used for any closed axisynimetric body with any combination of boundai~y condition
on its surface, wi thout any mod t fication of the computer codes , to prà1vide
accurate solutions for the acoustic properties (i.e., the acoustic pressure ,
normal velocity , and admittanc e) both on the body itself and anywhere in the
field surrounding the body. Also , as part of this research effort , experiments
are now being conducted with various axisymmetric configurations to provide the
data that wil l be used to check the validity of the theoretical predictions.
Some preliminary experimental data are presented in this report.
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Abstract
‘5

This report summarizes the work performed during the second year

of an AFOSR sponsored research program that was primarily concerned with

the development of an analytical technique for determining the radiated

sound field from axisymmetric jet engine inlet configurations. The

analytical technique employed is based upon an integral representation of

the external (radiation) solutions of the Helmholtz equation which describe

the sound fields external to a given body under either no flow or constant

velocity flow situations. The integral representation developed during the

course of this research program is different from earlier works in the sense

that it not only yields the correct (unique) solution for all radiation problems

at all frequencies, but that the resulting integral equa tions contain no strong

(i.e., non-integrable) singularities and therefore can be solved by straight

forward numerical techniques. As part of this research effort two

‘S extremely flexible computer programs were developed for the solution of

these axisymmetric integral equations. These programs can be used for any

closed axisymmetric body with any combination of boundary conditions on

its surface, without any modification of the computer codes, to provide

accurate solutions for the acoustic properties (i.e., the acoustic pressure,

normal velocity, and admittance) both on the body itself and anywhere in the

field surrounding the body. Also, as part of this research effort , experiments

are now being conducted with various axisymmetric configurations ~
provide the data that will be used to check the validity of the theoretical
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I. Introduction

‘5

This report summarizes the results obtained during the second year

of support under AFOSR contract number F49620-77-C-0066. This contract

was initiated on February 1, 1977 and the results obtained during the first

year of support are contained in AFOSR Interim Scientific Report AFOSR-

TR-78—0696.

The main objective of the research program conducted under this

contract was to develop an analytical technique for predicting the sound

field radiated from axisymmetric j et engine inlet confi gurations and to

check the validity of these predictions with relevant experimental data. The

development of this analytical solution technique was motivated by the need

for a theoretical approach that could be used to predict the effects of sound

source modifications and of sound suppression devices (such as acoustically

lined surf aces and splitters) upon the sound f ield radiated from the inlet

without having to resort to costly, f ull scale experimental testing. The

experimental investigations are necessary not only for comparison with the

results of the anal ytical technique (which has shown extremely good

agreement with known exact solutions) l~2~3* but also to assist in the

deter mination of the correct analytical form for describing the boundary

conditions necessary to accurately model sound suppression materials in the

computer programs.

* These references were included as appendices of the aforementioned
Interim Scientific Report , AFOSR-TR -.78-0696.

I
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During the first year of this contract the integral equations and

computer programs required for investigating the sound fields radiated from

certain simple geometries were developed. Specifically, two different

formulations of the problem were developed; that is, the f ull three

dimensional formulation and the axisymmetric formulation. Employing both

these formulations the sound radiation from both a sphere and a finite length

cylinder were investigated. In these studies the effects of different

boundary conditions on the accuracy of the integral solution technique was

in vestigated by comparing the predictions of this approach for the sound

field s radiated by simple sources with available exact solutions obtained

using the Seperation of Variables Technique (which is only applicable to

simple geometries such as those investigated). This work is described in

detail in three publications ”2’3 (See footnote on the previous page.) and it

was presented at three conferencesA~B~C*. In summary the first year of

study has shown that the integral solution technique developed under this

contract is both accurate and efficient from a numerical point of view.

During the second year of this contract two general computer

programs were developed for the determination of the acoustic fields both

on and around general axisymmetric bodies with general boundary

conditions. It will be noted here that although the geometry of the bodies

under consideration are constrained to be axisym metric the allowable

acoustic modes are not; that is, any cylindrically symmetric acoustic mode

which may be present can be solved for using these computer programs.

These progr ams were written in Extended Fortran IV and they are presented

* Letters refer to the various conference presentations conducted in
connection with this program. These presentations are listed in
Appendix F.
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in Appendix A. They have been fully checked out on the Georgia Tech CDC

• Cyber 70/74 computer and have been used to theoretically predict the

radiated sound fields that are associated with both lined and unlined straight

ducts and an actual jet engine inlet configuration 4 shown in Fig. I.

The detai ls and results of these investigations are described in

References 5 and 6 which are reproduced in Appendices B and C

respectively. The latter of the two papers has also been accepted for

presentation at the AIAA 5th Aeroacoustics Conference in March 1979 in

Seattle, Washington. Probabl y t he most significant results of this

investigation is the result that the optimum theoretical admittance values

found for reducing the sound radiated from a straight duct do not necessarily

have the same effect in a dimensionally similar (i.e., the same length to

diameter ratio) inlet. That is, the geometrical details of an axisymmetric

body need to be taken into consideration when calculating optimum

admittance values for acoustic liners. Another result of this investigation is

that the admittance at the entrance plane of a straight duct or an inlet is

not constant in the radial direction. The assumption of a constant

admittance value at the entrance plane of a duct is common to many curren t

theoretical analyses of the duct radiation problem and thus can be a large

source of error in these analyses.

Since the use of a constant admittance value at the entrance plane

of a duct is so common a series of computer runs were performed to

determine just how accurate this assumption is. The runs were done for a

straight duct configuration and various admittance values were calculated

and compared with certain “classical values”. The details of this anal ysis and

the results are presented in Appendix E. In Appendix E a draft copy of a

3 ‘

1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _  
. 

. -
.

- .. - -  ---- -~~- . •



-. -~~~~~~--~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ __

~~~~~~~~~~

__ • “_ ._

~~~

_

~~~
—;

‘_ ‘ --— . -
~~~
-- ~-,

‘

I

,

’

a 

-  ~~~~~~~~~~~~ 
—.~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~

. -
~~~~~~~~~~ - - . -



-- —- ~~~~~~- -  —-~~~~~~~~_ ~~~~- - --~~~~~
—-

~~~ -~~~~~~~~

technical note, to be submitted for publication in the AIAA j ournal, is

reproduced.

Part of the efforts expended under this contract during the second

yea r of study were devoted to the development of experimental data that

could be used to check the validity of the accompanying analytical studies.

These efforts consisted of the design and development of appropriate

experimental s.~tu ps and the conduct of the required experiments , which are

currently in progress. The experimental data acquired under this program is

being compared with corresponding theoretical predictions. Some

preliminary results of these comparisons are now available and they are

presented in Section IV of this report. The work conducted during the

second year of this contract which is not presented in the papers contained

in Appendices B and C is summarized in the following sections.

5
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II. Anal ytical Effor t

The analytical efforts during the second year of this AFOSR

contract consisted of the development of the general com puter programs f or

handling axisymmetric geometires and their use to perform certain

parametric studies of interest. The details and results of these studies are

presented in Appendices B, C, and E, and the computer progra ms themselves

are presented in Appendix A. The programs were developed so that they

could not only be used for parametric analytical studies but also so that

they could easily accept experimental data for any configuation without

any major changes in the computer code. Another part of the analytical

effo rt was concerned with the determination of the admittance of the liner

which was used in the experi mental phase of this program and with the

redesign of the liner for future testing (See Appendix D.).

The initial testing under this program was conducted with an

available acoustic liner which was developed in a related combustion

instability program. This liner was tuned for maximum damping at a

frequency, 740 Hert z, which is above the first tangential (i.e., 11) mode,

.-695 Hz ,of the duct under investigation. Since we are mainly interested in

r uning experiments below the IT cut-off frequency to facilitate both the

data reduction and the comparison of experimental and analytical values all

of the preliminary testin g was done in the frequency range 300-650 Hz

whi ch is below the IT cut-off frequency. Thus , the liner was not expected

to exert much attenuation. Since most of the planned future testing will also

be conducted over a frequency range below the IT mode of the duct , the

available liner will be retuned to be more effective below the iT cut-off

frequency. The retuning of the liner is discussed in detail in Appendix D.

6
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Ill. Experimental Inv estigations

• The main objective of the experimental phase of this program was to

obtai n experimental data that could be readily com pared with the

• predictions of the analytical models developed under this program.

Specifically, the sound fields radiated from lined and unlined axisymmetric

duct configurations were to be measured and compared with corresponding

theoretical predi ctions. Since these studies were concerned with the

measurements of the radiated sound fields , all of the req uired experiments

were conducted in an anechoi c chamber whose properties are described in

Fig. 2. A typ ical experimental setup utilized in the course of this study is

shown in Fig. 3; it consists of a lined axisymmetric duct with a sound soy-ce

at one end and an open termination at the other end. The test body (i.e., the

inlet) is placed on one side of the anechoic chamber and an array of

microphones is used to measure the radiated sound field. The latter

consisted of 5 Brtiel and Kjaer condenser-type microphones. The sound

source was a University driver and it was placed at the throat of a nozzle

that was connected to the axisymmetric body tested as shown in Fig. 4. The

available liner used for the preliminary testing was not specifically desi gned

fo r maximum effectiveness in the frequency range where most of the testing

was done. It was tuned for maximum damping at a frequency hi gher than the

IT mode oi tae duct under study. It consisted of 180 Helmholtz resonators

(2 0 radial rows by 9 axial rows) which were closed off during the hard walled

testi ng (See Appendix 0 for the admittance calculation). A diagram of the

driver- nozzle-liner set-up and of one of the Helmholtz resonators appears in

Fi g. 4.

7

~0. ________ - _____________________________



•

lZ5hL 
_ _ _ _ _ _ _ _ _

INVERSE SQUARE LAW

• 
_  

_

.
~~~~L I~~~-~--~~I 

_ _

~~~~~~~~~ ~JOOO F~~~ 
0

F - °  ~~~
—. 

~~~~~~
-..

I ‘-‘~ ----- 3OOOI II r—.~
__________  _____ A ~~

—

20
DISTANCE FROM SOURCE (FEET)

8

•r .::

~

T . ..TI~ ‘1I1I~ ~~~~ ~. TT~i . 1T n .flhl ~~~~~~~~~~~~~~~~~~~~~~ T . ’. 
- 
:.1r1.Ij llft . ll . rL .F 1. .



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
—

AN EC1-IOIC CHAMBER

• PLAN V! W

7’ MIC.
* 

X 13’ 

-

I /~~ OR ACOUSTiC J

V 
I N S UL A T I ON

Figure 3. Experimental Set-up for Radiation Studies .

9

5.

~~~~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---— 
-—-“

- ~~~~~~~~~~~~~~~~~~~~~~ 
• ‘ • -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ - LINER

rn / i  / / / I I I I / iJi —

DRIVER

NOZ

~~

E 

-

PLASTICI PLATE

HELMHOLTZ
RESONATOR i

—,.
~ ~ H

Figure 4. Testing Configuration.

10

- - ‘ . .1
- 5•

-~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ -.—---



.5

This experimental set-up was found to work very well in that the

acoustic waves generated by the dr iver remained essentially plane up to the

nozzle-liner interface. This was determined by traversing a 1/4” B&K

microphone radiall y across the nozzle-liner interface. This being the case

• only a single measurement of the acoustic pressure , which is needed for

input to the analytical computations , was taken at this plane fo r each test

condition.
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IV. Preliminary Experir ’~ntal Results and Comparisons

Some preliminary experiments have been conducted with the

straight duct configuration shown in Figs. 3 ad 4. Both lined and unlined

configurations were tested; however , not much differen ce was noted as all

the tests were conducted at frequencies below the first tangential (i.e. iT)

mode of the duct and therefore in a region where the liner is only marg in ally

effective as discussed in t i e  previous sections (Also see Appendix 0.). Tests

were conducted in the fre quency range 300 to 650 Hertz with 50 Hz

• increments. The microphones in the field were placed on a circular arc with

a radius of seven feet centered at the entrance plane of the duct (See Figure

3.). The microphones were placed at increments of 1 ~~~ from the

centerline of the duct to 90° .

Comparisons between the exp erimental results and the theoretical

results were made. Since an experimentally measured value of the sound

pressure level at the nozzle-duct interface was used as input for the

computer programs , the accuracy of the calculated far field can only be

expected to be as good as this measurement. Other sources of error are the

“im perfections” of the anechoic chamber at various frequencies as shown in

Fig. 2, instrumentation errors, and the lack of perfect correspondence

between the experimental and analytical confi gurations. In this connection it

should be pointed out that the theoretical model employs a spherical

termi nation at the rear end of the straig ht duct as shown in Fig. 5. This was

done to improve the efficiency of the computer programs as it has been

shown thr ough theoretical studies that the shape of the terminat ion of the

12
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- duct exerts little influence upon the acoustic field in the forward half plane

• of the duct.

• Comparisons between the measured and calculated results shows

good qualitative agreement for both the hard walled (i.e., See Fig. 6.) and

the lined (i.e., See F ig. 7.) duct confi gurations. Good agreement is observed

between the hard walled and lined wall cases in that the errors follow the

same patterns (i.e., Compare Figs. 6 and 7.) which suggest that most of the

‘ observed errors are due to the “non-anechoicness” of the anechoic chamber.

The measured data will be further analyzed in the future and they will be

published together with additional data collected during the next year of

study under this contract.
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Appendix A

Computer Programs Developed for this Project

The computer programs described in this appendix were developed

• during the second year of this AFOSR research project. They are very

general in that they can be used to find the acoustic properties (i.e., the

acoustic poten tial , normal acoustic velocity, and the admittance) both on

the surface and surrounding any fi nite (closed) axisymmetric body. Also, the

boundary conditions can be specified at each point on the surface of the

body; the only restriction is that the admittance may not be specified
• everywhere on the body as then the solution of the governing integal

equation is non-unique.

The first computer program developed for this project calculates the

surface distributions of the acoustic quantities for a general axisymmetric

configuration. Required inputs for this program are the geometric

descri ption of the body, the boundary conditions , and the problem

specification data (i.e., the mode number of the acoustic wave being solved

for and the wave number) . The geometric input data required includes the

- z coordinates of the points in the center of each integration interval , P,

the two integration points on either side of the center point , Q, the nor m al

to the body at the center point , NORMAL , and the length of each

integration interval in the p -z plane, LENGTH. Since the body is assumed to

be axisymmetric the program takes care of choosing the integration points

in the e direction through the use of a 96 point Gaussian integration

formula.
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The boundary conditions are specified in two vectors. The first

vector , ICHECK , specifies what type of boundary condition is known at each

point in the ~-z plane.

known
ICHECK = 0>  ~~

- ~ c~,/~n known (A-I)
lJ known

The second vector , CIN DA TA, contains the actual complex val ue of the

boundary condition at each point. Finally the problem specification data

consists of specif yin g the wave number k and the mode number m (i.e. m = 0

is the axisymmetric mode.)

This program prints Out all the input data and all the acoustic

quantities on the surface of the body. It also creates an output file which is

read by the next program to calculate the acoustic qualtities in the field

surrounding the body.

19
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PROGRAM EXPCYL ( iNP UT. OLTIFuT, TAPEIO . TAFEI 1 ,
TAPE5 I NPu T. TAPE6 OUTPUT)

C
C 

__________________

• C* *
C* *

TillS PROCRAM CAIAWLATES EITHER THE ACOUSTIC POTENT I AL OR THE *
C* ACOUSTI C VELOC I TY OR THE EFFECTI VE AD!’! I 1’TANCE ON TUE SURFACE *

• C~ OF ANY AX! SYMMETRIC BODY USE I NC TUE METHOD OF BURTON 8 MILLER *
• C* WIT!! NY I NTERP RETATION OF THE ?IOST SINGULAR COMPONENT . *
• 

• c* *
C~ ********~45*************************************************************
c~.. *

WILLIAM A. BELL’S OPTIMAL VALUE OF ALPHA ( I/K) IS EMP LOYED . *
C* *
C****~ ********* *********************~ ***********~ **********************

• *
C* A CYL I NDRICAL FORMULATION OF TIlE PROBLEM IS EMPLOYED. *

*
c* *
C **~~*******************~~**********************************************
C

REAL K. LENGTH , NORMAL
COMPLEX ALPHA , CEQI( . CEXACT, CPU! . CVEL. CY, 1K , IKSQ, TWOPIA,

CINDATA
C

COMMON /1/ N, NP, NP?!
COPIT-ION /11/ K, P 1 , TWO? I
COMMON ‘C’ ALPHA , 1K, IKSQ. TWOPIA
COMMON / I D /  (CHECK ( 102 )
COMMON ~IW/ LENGTH (102). NORMAl. ( 102, 2 ) .  P ( 102 , 2) ,

• . Q ( 102,  2. 2)
COMMON ~CD/ CEON ( 102 . 103) , CEXACT ( 102) , CPu ( 102) , CVEL ( 102) ,

• CY ( 102) , CINDATA ( 102)
COMMON /N’ AUSS ’ NGAUST
COMMON /GkUSS/ CAUSN T (48, 2)

C
CALl. INP UT

C
C I NTEGER CONSTANTH
C

Nrl’l NP * I
C
C REAL CONSTANTS

TWO!’! 2 .0 * P 1
C
C COMPLEX CONSTANTU
C

(0.0 , 1.0) * K
1K * 1K

ALPHA • (0 .0 .  1.0)  ~‘ K
ThOP IA ALPHA * TWOP I

CALL EQK

CALL GAUSS
C

CALL OUTP UT
II

STOP ‘NORNAL
C

EN D
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• ULOCK DATA
C

• REAL K
C

COMIION /1’ N, NP. NPP I
LONIION ‘K’ K, P1 . TWOP I
COMMON /NGAUSS/ NCAUST
COMMON /GAUSS/ GAUSNT (48, 2)

C
DATA NP / 102 /

C
DATA P1 / 3.1415926535898 /

C
DATA NGAIJST .‘ 48 /

C
DATA ((GAUSNT( 1 , J) , J = I, 2), 1 1 , 12)

/ 0.01627674484960, 0.03255061449236,
0.04881298513605 , 0.0325 1611871387 ,
0. 08129749546443, 0.0324471637 1406,
0.11369535011067 , 0.03234382256858.

. 0. 14597371465490, 0.03220620479403,
• 0. 17809688236762 , 0.03203445623199 ,
• 0.21003131046057, 0.03182875889441.
• 0.24174315616384 , 0.03158933077073,
• 0.27319881259105, 0.03131642559686 ,

0.30436494435450 , 0.03101033258631,
- 0.33320852289263 , 0.0306713761236?,
- 0.36569686I4~ 231 , 0.03029991542083 /
DATA ((CAt;SNI’( I • - •J I • 2) • = 13 . 24)

• / 0.39579764982891, 0.02989634413633,
0.42547898840730 , 0.02946108995817 ,
0.45470942216774. 0.02899461415056 ,
0.48345797392060 , 0.02849741106509 ,
0.51169417715467 , 0.02797000761685 ,

• 0.53938810832436 . 0.0274 1296272603,
• 0.56651041856 140, 0.02682686672539,

0. 59303236477757 , 0. 02621234073567 ,
• 0.01892384012547 , 0.02557003600535 ,

0.64416340273497 , 0.02490063322248 ,
- 0 (.6871331004392 . 0.02420484179236 ,
- 0.69256453664217 , 0.02348339908593 /
DATA ((GAIJSNT( !. J ) , J = 1 , 2) , 1 • 25, 36)

• / 0. ~‘ 1567681234897, 0.02273706965833 ,
• 0.73803064374440 . 0.02196664443874 .
- 0.75960234117665, 0.02117293989219 ,
- 0.78036904386743, 0.020356797 15433 ,
• 0.80030874413914, 0 .0195 1908114015 .

0.81940031073793 , 0.0186606796274 1 .
- 0.83762351122819 , 0.01778250231605 ,

0.8549590334 4460 , 0.01688547986425 .
- 0.871 38350590930. 0.01597056290256 ,
- 0.88689451740242 , 0.01502872102699 .
- 0.90146063531585 , 0.0140909417723 1 .
• 0.915071423 1 2090 , 0.01312822956696 /
DATA ((GAUSNT ( I , J), J 1, 2) , I 37. 48)

/ 0.92771245672231, 0.01215160467109 ,
0.93937003975276 . 0.01116210209984 .
0.95003271778444 . 0.01016077053501 ,

• 0.95968829144874, 0.00914867123078,
- 0.96632682846326 . 0.00812687692570,
• 0.)7593917458514. 0.00709647079 1 IS ,
- 0.9825 1 726356301. 0.00605854550424 ,
- 0. 98805442632962. 0.00501420274293,

0.99254390032376 . 0.00396455433844 .
0.99598484293721, ‘4 .00291073181793,
0.99836437586318. 0.00 1 85396078895 ,
0.99960950388323 , 0.00079679206335 ~

C
END
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SUBROUTINE INPUT
C

REAL IC, LENGTH. NORMAL
COMPLEX CEON, CEXACT. CPU! • CVEL , CY. CIN])ATA

C
COMMON / I/  M. NP, ?4PP I
COMMON /11/ K. P1, TWO!’ I• COMMON / 1(~/ [CHECK ( 102)
COMMON /1W’ LENGTH (102) , NORMAL ( 102 , 2) . P (102, 2),

• 0 (102 , 2, 2)
• COMMON /CD/ CEQN ( 402 , 403), CEXACT ( 102) , CPB I (102) • CVEL (102),

• CV (102) , CINDATA (102)
C

RE AD (5 . 100) ((P( I , J) , J 1 , 2), ! 1 , NP)
C

READ CS . 100) (((0( 1 , J , 1(K), ICK 1, 2), J = 1 . 2), I = 1, NP)
C

READ (5. 100) ( (NORMAL( I , J) , J 4 , 2), 1 = 1, NP)
C

READ (5 , 100) (LENGTH( I), I = 1 , NP)
C
100 FORMAT (BGIO.O)

C
PRINT 101

C
101 FORMAT (“IGEOMETRIC INP UT DATA : • ‘1/

25X, ‘—Q(RRO, Z) /

~~, 4X. ‘N , 2 1X , “P(RUO, Z)’, 38X, ‘NORMAL(RHO, Z)”.

• 27X , LENGTH ’ ‘
• . ‘ “ , 25X , ‘+O(REO. Z ) ’  // 1 U )

C
• WR I TE (6 , 102) (Q( I, 4, 1), 0(1, 1, 2), I, P( 1 , 1) , P( I, 2),

• NOI1NAL( 1 , 1) , NORMAL( 1, 2), LENGTII( I ) , 0(1, 2, 1) ,

• 0(1, 2, 2). 1 = I , NP)
C
102 FORMAT ( ‘, 15X , ‘( , F1 3.10, ‘ ,‘, F 13.10, ‘ ) ‘  /

“ , 2X 13, lOX ‘ ( ‘ , F13.10 . ‘, ‘. F1 3.10. ‘ ) “ , 21X,
• . “ ( “ , F13. 10, • , ~, F13 . 10, ‘) ~~, 17X,

F13 .10 /
“ , 15X, “( , F13 . 10, “ , ~~, F13 . 10, N)  U / • N )

C
READ (5, 104) ( ICHECK( 1) , I = 1 , NP)

C
104 FORMAT (1615)

C
REAl) (II , 4100) N, K

C

[190 FORMAT (120, G20.0)
C

READ (1 1 , 400) (C!NDATA( I) • I = 1, NP)
C

RETURN
END
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SUBROUTINE EON
C

REAL K, LENGTH , NORMAL. NP 1 NP2 . NUHOP , NBBOQ, NZP , WZQ
COMPLEX AL P HA . CEQI4 , CF.XACT . CPH I • (“EL , CV, 1K, IKSQ.

TWOPIA . CINDATA
C

COMMON /1 ’ N, NP , NP P I
COMM ON ‘K’ K, P 4 .  TWO ? !
COMMON - ‘C - ALPHA, 1K . 11(50. TWOPIA
COMMON / 18/ ICILECK ( 102 )
COM1’It)N /RD/ LENGTh ( 102) . NORMAL (102, 2) • P (402. 2),

• 0 (102. 2, 2)
COMMON /CD/ CF•QN (102 , 103). CEXAcT (102), CPHI (402). CVEL (102) ,

• CY (l02~ . CINDATA (102)
C
C INI TA L I ZE MATRIX
C

DO I I • 1, NP
1)0 2 3 I, N P P I
CF QN ( I ,  J) • (0.0, 0.0)

2 CONTINUE
P t P (I . I)
P2 P 1 . 2)

~P1 N4)RDI1L( I. I)
NP2 NOR3 -~H 1. 2)

4 C
I1 ( ICIWCK (I)) 3. 4, 5

3 Co NTINU E
CF.XACT( I) = C IN DA T A ( I )
CV} L I )  (0.0 . 00)
(~Y& 1) = 0•0 , 0.0)
CEON’ I , NI’!’ 1) = TWO!’ I * CEXACT( 1)
‘:[:ON 1 , 1) = —TWOPI-~
Co TO 6

4 CONTINUE
CEXACT (1) • (0.0. 0.0)
CVE L (  I )  CIND fl’A( ii
CY I ’  = (0.0. 0.0)
CF.QN~ I , NI’Pl) = TWO!’ IA * CVEL( I)
CEOI4 (I, I) —TWOPI

TO 6
5 CONT INUE

CEXACT ( 1) = (0.0, 0.0)
CVE L ( I )  (0.0, 0.0)
CY(1) = C I N D A T M I )
CEON( I, 1) —TWOP I * (1.0 + ALPHA * CY (I))

6 CO24 T!NUE
1 CONTINUE

C
C XI I NTEGRATIO N
C

D 0 7 J  1 , NP
NRflOO NOfl!’IAL( J ,  1)
NZQ = NOR I1AL( J • 2)
GAIJSZ = LENGTH (J) * Pt
DO B I 1 , NP
IUIOP N I. 1)
ZP = P (1 , 2)
1(11110!’ = NORI’I AL(I . 1)
DZP = NORMAL( 1 , 2)
009 L = I , 2
!1HOQ QC .1 , L , 1)
7.0 W.I . I,. 2)

C
CALL CALC ( RIIOP , ZP , NBBC? , NZP , RUOQ, ZQ. NBHOQ, NZU. CA UUZ ,

• I , J)
C
9 CONTINUE
8 CONTINUE
7 CONTINUE

C
RETURN
END
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I, —

SIJRBOUT(NE CALC (REOP, ZP. NRHOP, NZP, RHO0. ZO, NBBOQ, NZQ,
• GAUSZ, I , J)

C
REAL K, ILDOTN, N RIIOP , NRBOQ. NRHOQP , NZP, NZQ, NZOP
COMPLEX ALPHA , CEON . CEXACT , CPHI. CVEL. CY, Fl, F2, C, C?,

• . CPP , 1K, IKSQ, II, 12, KI, 1(2, TWOPIA, CIT4DATA
C

• COMMON /1/ N, NP, NPPI
COMMON /11/ K , P 1 .  TWOP I
COMMON /C/ ALPHA , 1K, 11(80, TWO? IA
COMMON /10/ ICHECK (102)
COMMON /CD/ CEQN (402 , 103), CEXACT (102), CPHI (102), C’VEL ( 102) ,

• CV (102), CINDATA (102)
COMMON /NCAUSS/ NCAUST
COMM ON /GAUSS/ GAUSNT (48 , 2’~

C
• Z D = Z0 - Z P

ZSQ = ZI) * ZD
I1HOSO = (1WO0 — RE OP)**2
RIIOQP2 = 2.0 * HUOQ * Rb?N1UIOOP = NRROQ * NRIIOP

• NZQF = NZQ * NZP
C
C THET A INTEGRAT I ON
C

DO 1 IT 1, NCAUST
THETA P 1 * GAUSNT ( IT, 1)
1 . (I •EQ . .1) THETA = P1 * (1.0 — GAUSNT(IT, 1))
GAtISZT = GAUSZ * GAUSNT ( IT, 2)

C
COST = COS (THETA)
COSHT = COS (l’l * THETA)

C
R SORT (RIIOSR + 7~5Q + HHOO?2 * ( 1 . 0  - COST) )
UJ1DNO = ( NRIIOQ * ( 111400 - REOP * COST) + N’ZO * ZD) .“ R
DRDNP = (NRHOP * ( RHOP - 111100 * COST) — NZP * ZD) / R

NDOTN = N RIIOQP * COST + NZQP
C

G = RIIOO * CEXP (1K * R) / R
C!’ C * (1K — (1.0 / R))
GPP = C * (11(80 - (3.0 * [K / H) + (3.0 ‘ (H  * H ) ) )

C
= C * COSNT

12 ALPHA * C!’ * DIIDNP * COSWF
Fl = ALPHA C * 11(50 * NDOTN
F2 = ~LP1IA * ( C?!’ * DRDNP * DRDNQ — (CP * NDOTN / H))
1(4 = CI’ * DRDNQ * COSMT= F2 * COSMT

C
IF (TCIIECK ( D •NE. -1) GO TO 3

1’

• CF.ON( I , N P PI )  = CEON( 1. NPPI)  + GAUSZT * CEXACT(1) * (Fl + P2)
C

GO TO 4
3 CONTINUE

C
CEQN( 4 , 1) = CEQN( 1 . I) - GAUSZT * (Fl + F2)

4 COWl’ I NUE
IF (ICHECK(J)) 11, 12, 13

II (:0NTINUF
C

CFA�N( I , J’ = CEQN( I • J) — GAUSZT * (II + 12)
C E Q N ( I .  NPPI) CF.Q14( I . NP P I )  - CAUSZT * ( 1( 1 + E2)

* CEXACT (J)
C

GO TO 44
12 CONT I NUE

C
C EOff ( I , J) • CEON ( I , J) + GAUSZT * ( 1(4 + K2)
CF.QN I. N P P I )  = CEON ( l , NPP l) + CAUSZT * (II + 12)

* CVEL(J)
• C

C 0 T h~~~•
43 CONTINUE

C
CEON ’ I. J I CF .QN (1, J) + CAUSZT * ( ( 1( 4  + J~~) —

- CY (J) * (11 + 12)

14 CONTINUE
I CONT I NUE

C
REflJRN 

-
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SUBROUTINE GAUSS
C

IMPLICIT COMPLEX (C)
C

COMMON /1/ MM. NP, TIP? I
COMMON /CD/ CEOI ( (102, 103), CEXACT (102), CPHI (102), CVEL (102),

• CV (1 02), CINDATA (102)
C
C UPPER TH I ANCULARIZE MATRIX

D O 1 J  I , NP
JP 1 J + I
CSAVE = CEON (J, J)
CEQN (J , J) = (1.0 , 0.0)
DO 2 L = JPI. NPPI
CEQU(J , L’ = CEQN (J, L) .‘ CSAVE

2 CONTINUE
IF (J  .1(0. NP) GO TO 3
004 11 = •JPI , NP
C~ AVE CEQN(M, J)
D O) 5 1 •IP1. NPP I
CEQN(I’I, I = CEQN (M, I) — CEQN (J, I) * CSAVE

5 CONT I HUE
4 CONTINUE
1 CONTINUE

C
C BACK SUBSTITUTIO N
C
3 CONTINUE

CSUT’I = (0.0. 0.0)
1)0 6 1 = 1. NP
N P TI I = NP — 1
NPP I TI1 = I I ’ M I + I
CPIII (NPP IN I) = CEQN (NPP1TII, NPPI) — CSUN
IF (I .EQ. NP) CO TO 7
CSIJtI - (0.0, 0.0)
4)0 0 3 1 . I
NPP L IIJ = NP !’. — J
CSUN CPIII (NPPIMJ) * CE QM (JIPNI , NPP IM J ) .4. CSUN

8 CONT I NUE
6 CONTINUE
7 CONTINUE
C

RETURN
END
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SUBROUT INE OUTPUT
C

REAL J EXACT, IPHI , K, LENGTH. NADMIT, MWCT, NPUI, MVELP, MY? ,
• NORMAL

COMPLEX ADMIT . ALPHA , CEON , CE.XACT, CI’BI , CVEL, CV , 1K, I~~ Q,
• TWOPIA, yELP, CINDATA

C
COMMON /1/ N, NP, NPPI
COMMON /ft’ K. P4 • TWO? I
COMMON /C/ ALP HA , [K. 11(50, TWO? IA
COMMON / 40/ ICIT ECK ( 102 )
CONItt)N /110/ LENGTH ( 102) • NORMAL (102, 2), P (102, 2) ,

• 0 102 , 2. 2)
COMMON /CD/ CEQJ’4 ( 102, 103), CEXACT (102), CFRI (102), CVEL (102),

• CY ( 102), CINDATA (402)
COMMON -‘NGAUSS/ NCAIJS T

C
• DIMENS ION ADMIT (102), VELP (102), I EXAC’r (102), IPHI (102),

• MADMIT (402), NEXACT (102). MPh (102), ?IVELP ( 102) ,
. MY? (102), PADIIIT (102), PEXACT (102), PPIII (102),
• PPVELP (102) • PVELM ( 102) • PVELP (102), PIP ( 102) ,
• REXACT (402) . rU’Hl (102)

C
EQU IVALENCE (CEON, ADMIT), (CEOII( 1 , 2), VELP ( 1) ) ,

• (CEQN(1 . 3), IEXACT(1)). (CEQII(1 ., 4), IPBI(l)),
• ( CEQN( I . 8), MADMIT(1)), (CEQN(l , 6), MEXACT (l)),
• (CE QN (1 , 7), MPHI (I)) , (CE QN (l , 8), MVELP (1)),
• (CEON ( I , 9) . NYP( 1)), (CE QN ( 1 , 10), PADI’IIT( I))
• (CF .QN ( I . II ) • PEXACT ( I)) , (CE QN ( 1, 12) • PPHI ( 1)) ,

• • (CEQN ( I , 13) , PPVELP (I)) , (CE QN (I, 14), PVELN (I)) ,
• (CE QN (1 , 15) . PVELP ( 1)~~, (CE QN(1, 16) , P’I’P(l)),
- ( CEQ.N( 1, 17) • REXACT( I)) , (CE QN ( 1 , 18), R?H1( 1))

C• ‘ PRINT 100
C
ISO FORMAT (“1’ , 61X , ‘*********~ / ‘

~ ~, 64X , ‘* * /
• 

. ‘ ‘ , 6lX , ‘~R INPUT *‘ / ‘ ‘, 61X , ‘* * /
“ . 61X , “ :~******** /// /  • N~ . 15X ,

• ‘EFFECTIVE ADI’I!ll’ANCE’, 20X, ACOUSTIC VELOC ITY’, 22X,
• “ACOUSTIC POTENTIAL ’ // “)

C
DO I I = 1, NP
REXACT ( I) = REAL (CEXACT ( I))
I EXACT( I) = A11IAC (CEXACT( I))
NEXACT( 1) = CAR S (CEXACT ( 1) )
P F .XA CT ( 1) = 0.0
I F ( NEXACT( I) • NE. 0 . 0)  PEXACT ( I )  = ATAN2 ( IEXACT( I )  • REXACT( I ) )
IIVELI’( 1) CABS ( CVEL( I))
PVEI.P( I) = 0.0
IF (IIVELP(1) • I{E. 0.0) PVELP (I) ATAN2 (AIMAC (CVEL (I)),

• . REAL (CVEL( Ifl)
NYP(l) = CABS ( C Y ( I ) )
PYP(I) 0.0
IF ( P I Y P ( I )  .NE . 0.0) PYP([) = ATAN2 (AINAC (CY( [)) , REAL (CY (I)))
IF (ICIIECK (1)) 3, 4, 5

3 CONTINUE
C

WRITE (6, 101) 1 , CEXACT(1)
C

401 FORMAT ( • ‘ , 13. BBX, ‘( ‘, £13. 10, ~ , , Fl3. 10, ) )

C
CO TO 22

4 CONTINUE
C

IJR I TE (6, 102) I , CVEL (I)
C

102 FORMAT ( ‘  ‘, [3, 49X, ( ‘ , F13.[0. ‘, ,  £13.10. ‘ ) )
C

CO TO 22
5 CONTINUE

C
WR I TE (6 ,  103) 1 , C Y( 1)

C
103 FOIU’IAT ( “ , 13, 9X, ( ‘, F13. 10, , , £13 . 10, ) ‘)

22 CONT INUE
1 CONTINUE

NCAUSZ 2
MCAUST • 2 * NCAUST 2
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WR I TE (6 , 104) K. N , ALPHA, IICAUSZ, NCAUST
C

104 FORMAT ( ‘ I I NP UT FOR THIS CASE IS: ’ ‘.“
. ‘ ‘, 25X, “K , F1 0.6, 5X, M =~~ , 15, 6X, ALPRA • ( N ,

• . F 5 . I ,  ‘, “ , FlO .6, ‘)‘ /,
~ , 14X , ‘NUMBER OF I NTEGRATION P0111TH IN THE XI DIRECT ’.

• ‘ION “ , 15, /,
• 

• ‘, 14X, ‘NUMBER OF GAUSSIAN POINTH IN THE THETA DIRECT’,
• ‘ION = ‘, 15, • (GAUSS - LEGENDRE) ’)

C
PRI NT 105

C
105 FOR MAT ( ‘ I T R E  C ALCULATED SURF AC E DISTRIBUTIONS OF THE ACOUSTIC P ’ ,

• “OTENTI AL. r~~ ACOUSTIC VELOCITY , AND THE EFFECT I VE ADMI ,
- ‘TTANCE ARE : ”

N ’, IIX , ‘P(RBO , Z)’, 14X, “PHI/COS(M*THETA) , 20X,
- VEL/COS(M*THETA) ’, 18X, EFFECTIVE ADMITTNACE’ // •

C
D 0 6 1 1 , NP
IF  (ICRECK(I)) 7, 8, 9

7 CONT I NUE
VELP (I) = CPHI (1)
PVELN ( 1) = CABS ( VELP( 1))
PPVELP ( I )  = 0.0
IF (PVELN (I) •NE . 0.0) PPVELP(1) ATAN2 (AIT’IAC (VELP (1)),

• REAL ( V E L ? ( I ) ) )
CPIII (I) = CEXACT (I)
RPHI ( 1) REAL (CPHI ( I))
I PIII( I) = AII’IAG (CPIII( I))

• MPIII (  I )  = CABS ( C P RI (  1) )
1’PHI (l) = 0.0
IF (NPIII (1) .NE. 0.0) PPIII(I) = ATAN2 ( I P H I ( l ) , R F H I ( 1) )
ADN[T( 4) = VELP( 1) / CPII[( I)
IF (MPIII ( 1) .1(0. 0.0) ADM IT (I) (0.0 , 0.0)
i’IADHIT(I) = CABS (AI)1’IIT(I))
PADNIT(I) = 0.0
IF (IIADMIT(1) .NE. 0.0) PADMI T (I)  = ATAN2 (A[I’IAG ( ADM Z T ( l) ) ,

• REAL (ADMIT ( I)))
C

WR I TE (6 ,  406) I, P( 1. fl , P( I , 2), VELP ( I) , ADNIT ( I)
C
106 FORMAT ( ‘  “ , 13. 7X , ‘ ( ‘ , £5.3, ‘, ‘, F6.3, ‘ ) ‘ , 44X , 2C13.5 , lOX,

• 2G 13.5)
C

GO TO 10
8 CONT iNUE

IIPHI(I) = HEAL (CPHI(I))
IPIII ( I) = AIMAG (CPII[( I))
?IPHI ( I )  CABS (CPIII( I))
PPH I (I) = 0.0
IF (1PHI (I) .ME. 0.0) PPRI (I) ATAN2 (IPHI (I) , RPRI (I))
VELP(I) = CVEL (I)
PVELT’NI) = CABS (VELP(I))
PPVELP (I) = 0.0
IF ( P VF . L W I)  .NE. 0.0) PPVELP(I) = ATAN2 (AIMAG ( V E LP ( I ) ) .

• REAL (VELP (I)))
ADTIIT( U = VELP( 1) .‘ CPIII( I)
II ADPI IT ( I )  CABS ( ADM IT ( I ) )
[‘ADMIT (I) = 0.0
IF (TIADMIT (I) .NE. 0.0) PADMITCI) = ATAN2 (AIMAG (ADNIT(I)) ,

REAL (ADMIT (I)))
C

WH I TE (6. 107) 1, P (k, I) , P (I, 2), CPHI (1), ADMIT (I)
C

107 FORMAT (‘  . 13, 7X, ( ‘ , F5.3, s . ’. £6.3, ‘ ) ‘ , OX. 2C13.5, 46X,

• . 2G13 .5)

LH 
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GO T h  10
9 CONT INUE

RPH[( I) REAL (CPIII ( 4))
II’fl I ( 1) AI M/I C ( C Pf l I (  I ) )
I’W I I l ( I )  CABS (CPHI (I))
I’PIIU I) 0.0
I F  (TIPIII (I) .NE. 0.0) PPflI (I) = ATAN2 (IPHICI) , HPHI (I))
VELP( I) CPHI ( I) * CY( I)
I’VELTI( I = CABS (VELP( I))
PPVELP (I) = 0.0
IF (PVELN (I) •NE . 0.0) PPVELP(1) = ATAN2 (AINAG ( VELP(I) ) ,

F • REAL (VELP( I)))
ADMJT ( I) = CY( 1)
NADPIIT (I) = CABS (ADNIT (I))
PPtDN IT (I) = 0.0
IF (TIADIIIT( I) . NE . 0.0) PADMIT ( I) ATAN2 (AIMAC (ADMIT( I)),

• REAL (ADMIT (1)))
C

WRITE (6, 408) 1, PC I , 1) , P( I , 2) , CPHI ( I) • VELP( I)
C
108 FORMAT (‘  ‘, 13 , 7X. ‘C’ , F5.3 , ‘, “ , F6.3, “ ) “ , OX, 2G13.5, lox,

• 2G 13.5)
C

10 (:0NT I NUE
6 CONTINUE
C

PRINT 44 3
C

4 13 FORMAT (‘ITHE MODULUS OF THE ACOUSTIC POTENT I AL , THE ACOUSTIC ‘/E’,
• ‘LOC ITY. AND THE EFFECTIVE ADMITTANCE ABE: •

-
• • ‘ N’ , LIX , ‘P (HflO , Z)’, I4X, ‘PHI/COS( M*THETA) , 20X,

• ~VEL/COS(P1*T1IETA) , lOX , ‘EFFECT IVE ADMITTANCE’ /
‘, 36X, “EXACT CALC ’, 20X, ‘EXACT CALC ’,

• 20X, ‘EXACT CALC ’ // ‘

C
DO 16 I = 1, NP
IF ( IC1IECK ( 1)) 17 , UI . 19

17 CONT I NUE
C

WR I TE (6, 1 14) 1 , PC I, I) , P(I, 2), I ’IF .XACT(I), MVELP (I) , PVELN (I) ,
• MYP( 1) • MADZIIT( 1)

C
114 FORMAT ( ‘  ‘, 13 , TX , ‘Ce . F5.3 , ‘, ‘, F6.3, ‘ ) ‘ , OX, C13.5. 23X,

2C 13.5 , lOX, 2CI3.5)
C

GO TO 20
18 CONTINUE

C
WRITE (6, 115 ) I • P( 1 , 1) , PCI , 2), MEXACT( I) , MPHI ( I) , NVELP( I)

• NYP (1). MADNIT (I)
C
115 FORMAT (‘  ‘, 1 3. 7X, ‘C’ , £5.3, ‘, ‘, £6.3, ‘ ) ‘ , OX, 2G13.5, LOX,

• G13.5 . 23X . 2GI3.5)
C

CO TO 20
19 CONTINUE

C
WRITE (6. 116) 1, PC I . 1) , PC I , 2), MBXACT(I), NPHI (l), NVELP(I),

• P V E L T I ( I ) .  PI YP CI )
C
116 FORMAT ‘ “ , 13, 7X, ‘C ’ , £5.3, ~~~~ F6.3, ) “ , OX, 2C13.5 , lOX ,

• 2G13.5. I0}~, G13.5)
C
20 CONT I NUE
16 CONT INUE

• 28
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C
PRiNT 420

C
120 FORMAT (‘ITBE PHASE OF THE ACOUSTIC POTENTIAL, THE ACOUSTIC VELO’,

• ‘CITY. AND THE EFFECTIVE ADII1VFANCE ABE:’ ,‘///
N’ , LIX , ‘P(RIIO , Z) ’ , 21X , ‘PHI ” , 33X, ‘VEL’, 24X,

• “EFFECTIVE ADMITTANCE” .‘
~~. 36X, “EXACT CALC ’ , 20X , ‘EXACT CALC .

• 20X, ‘EXACT CALC ” ,.‘
C

DO I I  ~ = 1, NP
IF (JCHECK (I)) 42. 13. 14

12 CONTINUE
C

WRI1t (6 , 1 14) I , P( 1 , 1) , P( I , 2), PEXACT( I), PVELP( I) ,
• 

• PPVELP ( 1) , PYP( I ) , PADI ’llT ( !)
C

GO TO 15
13 CONT iNUE

C
WR ITE (6, 115) I. P C I . 1) , PCI , 2) • PEXACT( I), PPHI ( I) , PVELP ( I) ,

• PYPCI ) , PADMIT(I)
C

GO TO 15
14 CONTINUE

C
WR I TE (6 , 116) I , P( I , 1) , PCI , 2) • PEXACT( 1), PPHIC I), PVELP( I ) ,

• PPVELP(I) , PYP(I)
C
15 CONT I NUE

• 1 1 CONTINUE
C
C WR I TE TIlE SURFACE DISTRIBUTIONS TO THE OUTPUT FILE .
C

WR I TE ( 4 0 ,  121)  ( C P H I (  1) ,  VELP( I ) , I = 1 , NP)

121 FORMAT (4G20.IO)
C

RETURN
ENI)

29
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• The following computer program reads the previous programs

output file containing the values of the acoustic quantities on the surface of

the body and calculates the values of the acoustic quantities at any given

point in the field surrounding the body. The required inputs are the points

where the acoustic quantities are known on the surface of the body Q, the

normals to the body at these points NQ, the length of each integration

interval LENGTH, the points in the field where the acoustic quantities are

required P, and some arbitrary normal at these points NP as the normal

acoustic velocity is calculated. The problem specification data is also

required again; that is, k the wave number and m the mode number.

The program prints out all the geometric input data and the

acoustic potential and normal acoustic velocity at the field points. It also

calculates and prints out the SPL(dB) at each field point.

30
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PROGRAM EXPFF ( INPUT , OUTPUT, TAPE! 0, TAPE 11,
- T:d’ES = INP UT , TAPE6 = OUTPUT)

C
• 

C

C* *
-• C* *

C* THIS PROGRAM CALCULATES THE ACOUSTIC POTENT IAL AND THE *
ACOUSTIC VELOC I TY IN THE FiEL D SURROUNDING ANY AXISYMNETHIC *

Cz BODY FMPLOYING THE SURFACE DISTRIBUTIONS OF THE ACOUSTIC *
C* POTENTIAL ANt) TIlE NORMAL ACOUSTIC VELOC I TY. *
C* *
C*** *****************************************~.********************~~~ **

*
A CYLINDRICAL FORMULATION OF TilE PROBLEM IS EMPLOYED. *

*
C* *

C
REAL K. LENGTH
CO MPL EX C P I I I P .  CPI1I Q, C VELP . CVELO, 1K, IXSQ

C
COMMON /1/ N, NP , NO
COMMON /ft/ FOIJBJ’ I. K. £1 , TWOP I
CO1’IMI)N ‘C’ 1K . I I ~~Q
COMMO N /4W’ LENGTH (102) , P (9, 2). PNORItAL (9 , 2),

• 0 ( 102 , 2). UNORMAL (102. 2)
COMMON ‘CD’ CPH IP (9), CPHIQ ( 102) , CVELP (9). CVELQ (102)
COMMON /II GAUSS’ NGAUSS
CO MM ON GV ’SS/ GAUSST (48 , 2)

C
CALL INPUT

C
C REAL CONSTANTH
C

TWOP I 2 0  * P1
F OURP I = 4.0 * P1

C
C COMPLEX CONSTANTS

- 

1K = (0.0. 1 .0) * K
IIO~Q = [K * 1K

C
CALL CALC

C
CALL OUTP UT

C
• STOP NORNAL

C

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~
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BLOCK DATA
N 

RE/IL K
C

COMMON /1/ N, NP, NO
COMMON /R/ FOUIIP I , K, P1, TWOP I
COMMON /NGAUSS-’ NGAUSS
COMMON /CAUSS/ CAUSST (48, 2)

C
C 11W NUMBER OF POINTS IN THE FIELD WHERE THE ACOUSTIC POTEWI’IAL
C AND TIlE ACOUSTIC VELOCITY ARE TO BE CALCULATED.

DATA N P / 9 /
C
C TIlE NUMBER OF POINTS ON THE SURFACE OF THE BODY WHERE THE
C ACOUST IC POTENT I AL AND TIlE NORMAL ACOUST IC VELOC I TY ARE KNOWN
C

DATA NO / 402 .‘
I . 

DATA P1 / 3. 1415926535898 /
C

‘)ATA NGAUSS / 48 /
C

DATA C (GAUSST ( I • J) , J = 1 • 2) , I = 1 , 12)
“ 0.01627674484960 , 0.03255061449236 .
0.04881298513605 . 0.03251611874387 ,
0. U8129749546443, 0.03244716371406 .

• 0 .41369585011067. 0.03234382236838,
• 0. 14597371465490, 0.03220620479403 ,
• 0. 4 7809688236762 , 0.03203445623199 ,
• 0.21803131046057, 0.03182875889441 ,
• 0.24174315616384 , 0.03158933077073.
• O .278l9OE2 1~ 5)1O5 . 0.03131642559686 .
• 0.30436494431450 , 0.03101033258631 ,

0.33520852289263 , 0.03067137612367 ,
• 0.’~656968614723 I , 0.0302999 1542083 /
DATA ((CAI~SST( I • J) , J = I • 2), 1 13 , 24)

- / 0.39579764982891, 0.02989634413633 ,
• 0. 425478984140730, 0.02946108995817,
- 0.45470942216774, 0.02899461415016 ,
- 0. 4U 3457 973 9 .~~06 0 ,  0.02134974 1 406509 ,

- 0 . 5 1 1694 1 77 1 5 4 67 , 0.02797000761685,
- 0 .  53938310832436, 0.02741296272603 ,
- 0.56651041836140 , 0.02682686672559 .
• 0.59803286477757. O .O2~ 2I234073567,
- 0. ~ 1892584012347 • 0. 02537003600535 ,
- 0 .64 4 1 6340 3 7 8 4 9 7 ,  0.02490063322248.

- O. ’.687183 1004392, 0.02 :20484 179236 .
- 0.69256453664217. 0.02348339908593 /
DATA ((GAUSST (I, J) , J = 1 , 2). 1 = 25, 36)

• / 0.71567681234897 , 0.02273706965833 .
• 0.73803064374440 , 0.02 196664443874,
• 0.75960234417665 , 0.02117293989219,
• 0.78036904386743, 0.02035679?15433.
- 0.80030874413914, 0.01951908114015 ,
• 0.84940031073793, 0.01866067962741 ,
- 0 .83 76235 1 12 2 81 9 ,  0 . 0 1 7 7 8 2 5 0 281 6 0 5,

• 0.85495903343460, 0.01688547986425 ,
• 0.87 4 38850590930 , 0.04397056290256 .
- 0 .8868 9 4 517 402 42 , 0 . 013 0 3 8 7 220 2 6 9 9,

• 0.90146068531585 , 0.01409094 1 7723 1 ,
• (L91507!423 1 2090, 0.01312822956696 f
DATA (C GA~JS~ T (I. J) , J = 1. 2) . 1 = 37 , 48)

• / 0.02771.245672231, 0.01215160467109 ,
• 0~ )3’)87033975276 , 0.0 11162 10209984 ,
• 0.9500327 1778444, 0.01016077053501 ,
• 0 95968529144874 . 0.009 14867123078,
• ~).96d82662846326 , 0.00312687692370.
• 0.97593~~17458SI4, 0.00709647079145,
- 0- 9825)72(35630 1 , 0.00605854550424 .
• (I.’~88034 l2632962, 0.00304420274293,
- (1. 99254390032376 , 0.00396455433844,
- (1.9959818429872 4 , 0.00291073184793,
• 0. ‘)9836437586318, 0. 004 8 5 39 6 0 7 8 8 9 3,

• 0.99968950388323 , 0.00079679206555 ‘
C

END

32
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SUBROUTINE INPUT
C

REAL K, LENGTH
COMPLEX CPRIP , CPRI Q, CVELP . CVELO

C
COMMO N / 1/ N. NP . NO

• COPIPION /R/ . ‘)URI’I , t~~, P1 , TWOP I
COMMON /RD/ LE (G111 ( 402) , P C9 , 2) , PNORPIAL (9,  2),

0 (102. 2), ONORNAL ( 102, 2)
COMMON /CD/ CP}IIP ( 9) , CPBIO ( 102) , CVELP (9) , CVF.LQ ( 102)

C
READ (5 ,  100) ( ( P C I , J ) ,  J 1, 2 ,  I = 1, NP)

C
READ (5 . 100) C (PNORNAL C I, J) , J = 1 , 2) • I = 4 , NP)

C
READ (5 , 100) ( ( W I .  J ) ,  J = 1, 2) , 1, NO)

C
READ (5 ,  200) ((QNOJUIAL C l ,  J), J = 1, 2), 1 = 1, NO)

C
READ (5 , 100) (LENGTR (I), I 1. NO)

C
100 FORMAT (8C10.0)

C
PRINT 101

C
101 FORMAT (“IGEONETRIC INP UT DATA :” ///

“ “ , 4X, “N” , 2111, “W RHO, Z)” , 38X, ‘NORNAL( RBO. Z)” ,
29X, “LENGTH’ // •

C
WR I TE (6, 102) (I , 0(1, 1) , OC I • 2) • OIIORMAL( I , 1) , QNORIIAL( 1, 2),

LENCTII( I), I = 1 , NO)
C
102 FORMAT C ”  ‘, 2X, 13, lOX , “C’ . P13. 40 , ‘, “ , P13.10 , “ ) ‘ , 21X ,

“ C ” . F13.10 , “ , “ , F13.10 , “ ) ‘ , 17X,
F f3.10)

C
PRINT 103

C
103 FORMAT (‘IFIELD POINT INP UT DATA : •

“ , 4X. ‘N ” , 2 1X. “P ( PJI O. Z) ” . 38X, “IIOBMAL ( RBO, Z)” //

C
• WR I TE ( 6 ,  104) (I, P( I , 2) , P( 1 , 2) • PNOR1’IAL( 1. 1), PNORMAL( 1, 2),

I = 1, NP)
C
104 FORMAT ( ‘  ‘. 211. 13 , 9X , “ C ” , F 14 . I 0, “ . “ , FI4.10, “ ) ‘ , 20X .

“ ( , F13 . 10 , “ , “ , F 13. 10, ‘) “)

REAl) (10 , 105) (CPHIQ( I) , CV E L W I ) .  I I ,  NO)
C
105 FORIIAT (4G20. 10)

C
PRINT 106

C
106 FORMAT (‘1” , 6111, ‘******** “ / “ “ , 61X , “* *“  /

‘, 61X, ‘* BODY *‘ / ‘ “ , 61X , “* * /

‘ ‘, 61X , “********“ ///i’ ‘ N ’, 21X , “Q( IWO , Z)” , 25X,
• “ACOUSTIC POTENTIAL” , 21X, ‘ACOUSTIC VELOC I TY ” // “

C
WRITI-: (6 ,  107) 1, 0 (1, 1), 0(1, 2), CPHIQ( U, CVEI..Q( I ) ,

= I. NO)
C

107 FORMAT ( “  “ , 13 , 9X. “C’ , 713.10, ‘. “ , F1 3 .10, ‘ ) “ ,

• 9X , ~( ~~, F14. 19, “ , ‘, F14. 10, “) ‘.
811. “( ‘, FI4. 10, ‘, “ , P14.10 . ‘) ‘)

C
READ C I I , 1100? N. K

C
1400 FORMAT ( 120 , G20.O)

C
RETURN

• END

33
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SUBROUTINE CALC
C

REAL K, LENGTH, NDOTN. NR)!OQP. NZPZD, NZQZD, NZQP
COMPLEX CPHIP. CPHIQ , CVELP , CVELQ. G, CP , CFP , 1K , IKSQ, I I , 12 ,

• 13 , 14
C

COMMON / 1/ N, NP , NO
COMMON /11/ FOUIII’ I . K, P 1. TWOP I
COMMON ‘C’ 1K. IKSQ
COMMON ‘RD’ LENGTH (102), P (9, 2), PNORNAL (9 , 2),

• 0(102 , 2 ) ,  QNOBIIAL (102. 2)
COMMON /CD/ CPIIIP (9) . CPHIQ (102) , CVELP (9) , CVELQ (402)
CO MM ON /NCAUSS/ NGAUS S
COMMON /GAUSS/ GAUSST (48, 2)

C
DO I I = I , NP
CPHIP ( f) (0.0, 0.0)
C V E L P ( I )  = (0.0, 0.0)

C
C 1(1 I NTEGRATION

C
D 0 2 J  1 , NQ
GAUSZ = TWOP I * !~~ GTH(J)
ZD Q (J. 2) - 1 -

, 2)
NZQZD QNORNAL ( J • 2) * ZD
NZPZD = PNORI’IAL (I . 2) * ZD
ZSQ ZD * ZD
IIIIOSQ (Q(J, I) — PC I. I))**2
I(1100f2 = 2.0 * O(J , I) * P CI , I)
N RIIOQP QNORPIAL( J • 1) * PNORMAL( I, I)
NZQP WIORNAL(J , 21 * PNORIIAL (I, 2)
RIIOZSQ 811050 + ZSQ

C
C THETA I NTEC RATIO N
C

DO 3 IT I. NGAUSS
‘IlIETA = 1’ 1 * GAUSST ( IT. 1)
GAUSZT ~:AtIS 7 * GAUSST( IT. 2)

C
COST = COS ( THETA)
COS MT = (5)5 ( N  * THETA)

C
H = SORT ‘ R!IOZSQ + RJ IOQP2 * ( 4  .0 - COST) )
I)IIDNP = (1’NORI’IAL( I, I) * (P( 1, 1) — Q(J . 1) * COST) — WZPZD) ‘ K
DRDNU = ( ONO RM\L( J , I) * (Q( J , 1) — P( I • 1) * COST) + NZQZD) / H
NDOTN NIUIOQP * COST + ?I~ QJ’

C
= W J , • )  * lJ5Z r * COSMT * CEXP ( 1K * B.) / R

2 C * (1K — (1.0 ‘ R))
GPP = C * ( 11(50 - (3.0 * [K / H) + (3.0 / (K * H)))

C
II = Cl’ * I)RDNQ
42 = -G
13 GPP * DRDNQ * I)RDNP - ( Cl’ * NDOTN / K)
44 = -Cl’ * DRDNP

C
CPH IP (1) • CPH IPCI ) + 11 * CPHIQCJ) + 12 * CVELQ(J)
CVELP ( I) CVELP( I) + 13 * CPBIQ (J) + 14 * CVELO (J)

C
3 CONTINUE
2 CONTINUE

C
CPHIPCI ) = CPUIP (1) ‘ FOURP I
CVLLP( I )  = CVELP ( 1) / FOUR? I

C
I CONT I NUE

C
RE1TIRN
EMIl
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S U B R O U T I N E  OUTPUT
C

REAL IPHI , [PUlP , I VEL, I VELP , K, LENGTH . NPR I , MPHIP, UVEL.
• I’IVELP

COMPLEX C P HI P .  C P H I Q ,  CVELP , CVELQ, Y
C

COMMON / 1/ N, NP , NO
COMMON ,‘R/ FOUR?!, K, P1, TWOP I
COMMON /RD/ LENGTH (102), P (9. 2), PRORNAL (9, 2),

• 0 (102. 2) , ONOEMAL C 102 , 2)
COMMON /CD/ CPHIP (9), CPHIO (102). CVELP (9), CVELQ (102)

• COMMON /NGAUSS/ NCAUSS

C
DIMENSION [P ill (9). IPHIP (9), PIPH I (9). NPRIP (9),

. PPRI (9) , PPHIP (9), BPHI (9), HPIIIP (9),
• 1VEL (9) , IVELP C9). PIVEL (9> , ?IVELP (9),
• PVEL (9) , PVELP (9), RVEL (9), RVELP (9)

C
C IN ITIALIZE EXACT SOLUTION.
C

90 2 1 = 1 , NP
RFHI ( I) = 0.0
IPHI ( I) 0.0
? IPI I I(I )  = 0.0
PPRI (I) = 0.0
RVEL( I )  = 0.0
IVEL (I) 0.0
N V E L ( I )  = 0.0
PVEL (I) = 0.0

2 CONTINUE
• NCAUSS = 2 * NGAUSS

C
WR I TE (6 , 100) K , N , NGAUSS

C
100 ~~~ ( “ I  INPUT FOR THIS CASE IS: ” ///

“ “ , 60X , “K = “ , F10.6 // “ “ , 60X, “N = “ , 15 ‘7
‘, 13X , ‘NUMBER OF GAUSSIAN P015TH 15 THE THETA DIRECT ” ,

“ 1011 = “ , 15, “ (GAUSS — LEGENDRE) ’)
C

DO 5 I = 1, NP
BPHIP (I) = REAL (CPHIP(l))
RVELPC I )  = REAL ( CVELP( I ) )
1PU IP (  1) = AIIPG C CPHIP ( I ) )
1V E L P ( I )  = AIPIA G ( C V E L P ( l ) )
N P H I I’ C 1) CABS (CPII IP (  1)
NVELPCI) CABS ( C VE L P ( I ) )
PPJIII’C I) 0.0
PVF.LP(1) 0.0
IF UIP1IIP (1) .NE. 0.0) PPHIP(I) = ATAN2 (IPRIP (I) , RPEIP (I))
IF C NVELP I)  .NE. 0.0) PVELP(I) = ATAN2 C IVELP(I), RVELP(1))

5 CONTINUE
C

PRINT 103
C
103 FORMAT (‘1” , 5811, “**************“ / “ “ . SBX. * *• /

“ , 58X, ‘* CALCULATED *“ / “ “ , 5811, “* *‘ .‘
“ , 5811, ‘**********~~*** “ / / //  “ N” , 21X , “P (RflO, - Z)” ,

• 2511, “ACOUSTIC POTENTIAL’,
• 2 1X , “ACOUSTIC VELOC I TY ’ // •

C
WR I TE (6 ,  102) (1, P C I , 1) , PCI , 2), CPHIP(I) . C VE L P C I ) ,

I = 1 , NP)
C

102 FORMAT ( ‘  , 13, 8X, “C” , P14. 10, “ , ‘, P14 .10, “ ) “ ,

- 8X. “C ” , P14 .10 , “ , “ , F 14. 10, ‘) ,
• BX . “C ’ , F 14 . 10 , “ , “ , P14 .10 , •) “)

C
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L,.~ I4 i 109
C
109 FORMAT C “ITHE MODULUS OF THE ACOUSTIC POTENTIAL AND THE ACOUSTTC ,

VELOC I TY ARE :” //// • N” , 11X , “P(IIEO. Z)”, 1411,
• “PIII/COS (M*THETA)” , 20X, “VEL/COS(Pl*TEETA)” . 8X,
• “SPL (DB) ” , 16X, “Y” /

36X, EXACT CALC ” , 20)1 “EXACT CALC ” ‘7
‘, U)

C
D O ?  I = 1 , NP
SPL = 20.0 * ALOGIO (K * NPHIP(I)) + 146.6
Y CVELP( I) / CPHIP( I)

C
WR I TE (6 , 110) 1 , P I , 1) , P C I , 2), NPHI( I), MPHIP( I), MVEL( I) ,

• MVELP(I), SPL , Y
C
110 FORMAT (“  ‘, IS , 6X , “ C ” , F6.S, ‘, ‘, F7.3, “ ) ‘ , 7X, 2C13.5, lOX ,

• 2G 13.5 , 2X, F7.2, 511, 2G13.5)
C
7 CONT INUE
C

PRINT 112
C

112 r’ORPIAT C ”  I THE PHASE OF THE ACOUSTIC POTENT I AL AND TIlE ACOUSTIC V” ,
• “ELOC ITY ARE; / // /  “ 5” , I1X , “P(IIBO, Z)” , 2 111,

‘Pi l l ’, 33X, ‘VEL ” /

: ::; 36X , “EXACT CALC’, 2011, “EXACT CALC ’ //

C
WR I TE (6, 113) (I , T ’( I ,  I) , P C I , 2), PPHI (I) . PPHIP(I> , PVEL(1),
. PVELP( I), I = 1 , NP)

C
113 FORMAT ( “  “ , 13 , OX , “ C ” , F6.3, “ ,‘. F7.3, ‘ ) “ , 7X. 2G13.5 , lox,

• 2G 13.5)
C

RETURN
ENi)

36
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Appendix B

Paper accepted for publication in the Journal of the Acoustical

Society of America

“Prediction of the Sound Field Radiated From Axisymmetric

Surfaces”
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PREDICTI ON OF THE SC ) ’ N~) FIELD RADiATED FROM
AXI SY~~~~TRIC SURFACES

W .  L .  Meyer~, ~‘J . A . Bel1~ M. P.  St a l l ybrass**and B .  T .  Z i nn *

*ScI-~ool of Aerosp ace E n g i n e e r i ng
**School of Mathemat ics

Georgia I n s t i t u t e  of Technology
Atlanta , Georgia 30332

Abs trac t

A general analytical method for determining the radiated sound fields

f r o m  ax i symxnetr i c  surfaces of arbitrary cross section with general boundary

• conditions is developed. The method is based on an integral representation

for thc externa l solutions of the }Ielmholtz equation. An integral equation

is deve loped  governing the surface potential distribution which gives uniq ue

solutions at all wave numbers . The axisymmetric formulation of the problem

reduces its solution to the numerical evaluation of line integrals by

G a u s s i a n  q u a d r a t u r e .  The app l i c a b i l ity  of the s o l u t i o n  approach  for  both  a

• sphe re and f i n i t e  c y l i n d e r  is d e m o n s t r a t e d  by c o m p a r i n g  the n u r ~ier i ca l  r e s u l t s

with exact analytical solutions for both discontinuous and continuous boundary

co nd i t ions . The method  is then  app l i e d  to a jet engine inlet configuration

and the comput e d resul t s  are in good agreeme nt wi th  exact va lues .

‘- .  i~S~roduct ion

To reduce t h t  noise radiated to the  corm-nunity f rom tu rbofan  inlets , the

e f f e c t s  of sound supp ress ion  m it e r i a l  in the in l e t  and the spa t ia l  dis t r i -

bu t ion  of t 1:~ - sound source on the radia ted  sound levels and pa t t e rn s  must  be

d e t e r m i n e d . A n a l y t i c ~ 1 techniques for  p red ic t ing  these e f fe c t s  must  be cap-

• able of d e a l i n g  w i t h  genera l  axisymmetric  geometr ies  and comp l i ca t ed  bounda ry

cond i t i ons  which  are encountered in m u l t i p l y - l i n e d  in le t s .  For i n s t a nce , in

a typ ical inlet th e compressor-fan combination represents a noise source

_ _ _ _  
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with  a nonun i fo rm spa t i a l  e x c i t a t i o n  pa t t e r n .  Thus , t h t -  a n a l y t i ca l  method

should be capable of taking into account sound sources of general  s p a t i a l

di s t r ibut ion .  Als o , in le t s  may contain m u l t i p le acoust ic  l iners  to reduce

the radiated sound power and admi t t ance  boundary  condi t ions  are commonly

used to account  for  the absorp t ion  c h a r a c t e r i s t i c s  of the li n e r .  There fo re ,

the ana ly t i ca l  me thod must  be capable  of dea l ing  wi th s p a t i a l l y  va ry ing  sur-

face adnt i tt ances .  F i n a l l y , the method should  be capable of p r e d i c t i n g  the

c h a r a c t e r i s t i c s  of the rad ia ted  sound f i e l d  in an i n f i n i t e  domain. Keeping

these requirements  in mind , the work p resen ted  in th i s  paper describes the

re su l t s  of an i n v e s t i g a t i o n  which has been concerned w i t h  the a n a l y t i c a l

de termina t ion  of r ad ia ted  sound f i e lds  f rom ax i symmet r i~ sur faces  of arbi-

trary cr05:; section and with general boundary conditions .

The method used in this i nvestigation is based on an integral form of

1-6
the so lu t ions  of the }Ielmholtz equat ion . With this formulation the acous-

tic. po ten t i a l  anywhere external  to the sur face  can be found once the distri-

bu t ion  on the su r face  is known . Thus , to determine the rad ia ted  sound f i e l d

the problem reduces to the d e t e r m i n a t i o n  of the d i s t r i b u t i o n  of the acous t ic

po tent ia l  on the two dimensional su r face  of the geometry under considerat ion

instead of so lv ing  the He lmholt z  equa t ion  in the su r round ing  i n f i n i t e  three

dimensiona l domain.

It has been previously shown 1-5 tha t  when app lied to exterior  sound

radiation problems the classical  te chniques  f a i l  to produce unique solut ions

at frequencies corresponding to cer ta in  in ter ior  eigenvalues of the geometries

u nder considera t ion . Unless special precautions are taken , s traigh t- forward

numerical solution of the integral equat ion produces large errors at frequen-

cies close to these eigenvalues. For the general geometries of interest in

this s tudy , these eigenfrequencies are not known a priori . Therefore ,

/
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the frequencies abou t which large num er ica l  e r rors  can occur cannot be eas i ly

avoided. A cr itical review of available analytical techniques for avoiding

these errors is provided by Bur ton in Ref. 1. in a search for an appropriate

technique for use in the presen t study of i n l e t s , the authors  programmed each

of these me thods for a sphere and ob tained numer ical res u l ts for the sur face

and radiated sound field. This study showed that the me thod of Burton and

Mil ler 4 was the most straightforward to implement. However , an inter-

pretation of a strongly singular integral , given in the analysis in Ref. S

by Meyer , et.al. was necessary for the equations to be amenable to numerical

so’ution . Basically the method proposed by Burton and Miller involves a

• reformulation of the integral equation for the acoustic potential and the

solutions obtained are valid at all frequencies . It also y ie lds  the most

consistently accurate results for a given number  of poin ts at which the

acoustic potential is numericall y eva lua ted on the s u r f a c e .  Therefore , the

method based on the analysis in Ref. 5 has been chosen for this investigation .

The resulting integral equation for the surface acoustic potential is

solved numer i ca l l y and , f or axisymme tr ic geome t r ies , the equation reduces to

the evaluation of line integrals . Thus , the axisyminetric case can be reduced

to an e q u i v a l e n t  one-dimensional problem. Having discret ized the integral

equa t i on , the r e s u l t i n g  sys tem of a lgebra ic  equations is solved us ing  comp lex

Gauss-Jordan e l imina t ion . Since the coefficient matrix involves the free

space Green ’s function , wh ich becomes singu lar as two poi nts on the surface

approach one another , numerical  techniques are presented which can deal

wi th these s ingu la r i t i e s  and y i e ld  accura te  results . Gaussian integration is

used to increase the accuracy of the solution without significant penalties

in computer storage and tFe requirements . The app l icabi l i ty of the in tegra l

formula tion and the accuracy of the numerical techniques are demonstrated by

p . ,
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comput ing the su r face  and far field distributions of the acoustic potential

on both a sphere and a f i n i t e  cy linder. The numerical results are compared

wi th known exact solutions generated b y the separat ion of variables t echn ique .

Surfaces wi th  s p a t i a l l y  varying  fo rc ing  f u n c t i on s  and a d m i t t a n c e s  are

considered , fo r  d i f f e r e n t  t angen t i a l  modes , to e v a l u a t e  the c a p a b i l i t y  of the

in tegra l  approach to handle  boundary c o n d i t i o n s  of a g e n e r a l  na ture . With

the sphere , agreemen t between computed and exac t  r e s u l t s  is to three si gnifi-

cant f i g u r e s .  For the cylinder agreement is to two si gnificant figures . The

effec t on the accuracy of discontinuous boundary conditions involving nonzero

admiteances over the surface and of the corners encountered in the cylindrical

configuration arc also presented. Finally, the numerical results for an

in le t  c o n f i g u r a t i o n  are compared wi th exact  s o l u t i o n s  and agreement  is to

wi th in  ten per cent.

II  • Theore ti ca l C o n s i d e r a ti o n s

in  this section the general three dimensional integral representation of

the solu tions of the Helmholtz equation is developed for application to radi-

at ion  problems . This p a r t i c u l a r  f o r m u l a t i o n  y i e l d s  u n i q u e  so lu t ions  at  a l l

frequencies and does not have strong singularities which are d i f f i c u l t  to

handle numerically. The general integral equatio-i is then specialized for

axisymmetric geometries. A more detailed development is presented in Ref. 5.

General Formulation

• Beginning with the three dimensional Relmholtz equation which governs

the spatial dependence of the acoustic field for harmonic oscillations

2 2 1
V W 1~~~~~~~~~ 

p 0
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where p is the acoustic potent ial  and k is the wave number; t h e  standard

integral representation of the exterior potential is found to be
1
’6

$ $ ~~~~~~~ 
~G(P .Q) 

- G(P ,Q) )dS = 4rT~p(P)
q q q (2)

where the term ~~~~~
— represents an outward normal derivative with respect
q

to the body S as shown in Fig.  1; that is ,

?,~
p(Q) -. -.

V.lq ~P ( Q)
flq (3)

Also , G(P,Q) is a fundamental three dimensiona l solution of the He] .mholtz

equation and is taken to be the free space Green ’s Function for a point

source6 defined as
G(F ,Q) = r ( P ,Q) (4)

From Hq. (2), if the acoustic potential and the norma l acoust ic  veloci ty

are known at each point on the surface of the body then the acoustic

po ten tial may be calcu lated anywhere in the exterior domain.

To solve for the surface potential , the point P is moved to the surface

of the body, and Eq. (2) then becomes

r ~G~ P g~ ~~(Q)
J J (~p(Q ) ‘ ‘ ‘ — G(P ,Q) 

‘~~~~ )dS = 2np(P)

S

For the inhomogeneou s Robin boundary condition emp loyed in this study,

a relation between ~ p( Q)/~nq and ~
(Q) exists which is given by

- = A(Q ) , (6)

so that Eq. (5) can be wri t ten in terms of the p ot e n t i a l  only ; that  is ,

SS c~(Q) ~~~‘~Q) dS q 
- ~ (Q)G(P~Q)Y(Q)dSq (7)

_ _ _ _  ____-- - 
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2 n c p ( P )  + ~ A(Q) G(P ,Q) dSq
S

If the acous t i c  v e l o c i t y  A ( Q )  and the admittance ‘1(Q) are specified at each

poin t  on the su r f ace  of the  bod y ,  t hen  the  a c o u s t i c  p o t e n t i a l  may be c a l c u —

la ted  at  each po in t  u s ing  E q . ( 7 ) .

As m e n t i o n e d  e a r l i e r  t h i s  e q u a t i o n  does not  y ie ld  un i que s o l u t i o n s  when

the wave number k is an i n t e r n a l  ei g e n v a l u e  a s s o c i a t e d  w i t h  the  problem under

c o n s i d e r a t i o n . Since these  ei genva lues  are  not  known a p r i o r i  fo r  g e n e r a l

bodies , the f o r m u l a t i o n  canno t  be r e l i e d  upon to  g ive c o n s i s t e n t l y good r e s u l t s .

There are a number  of papers  in the l i t e r a t u r e  2 , 3 , 4 d e a l i n g  w i t h  t h i s  problem ,

and the  r e l a t i v e  m e r i t s  and s h o r t c o m i n g s  of the  methods  emp loyed are  d i scussed

in d e t a i l  in R e f .  1.

An a t t r a c t i v e  appro dch  f rom an ana l y t i c a l  po in t  of view is provided  b y

B u r t on  and M iU e r 4 who have sugges ted  the  use of the f o l l o w i n g  i d e n t i t y  to

d e r i v e  an a l t e r n a t i v e  i n t e g r a l  e q u a t i o n  fo r  the  acoustic potential at the

surface.

2
2rr  ~ 

~~ = 
- ~~ G ( I  ~Q) ~G(P ,Q) ~zp (Q )

• 

. ~~~ ‘
~s 

~ ~np~ nq 
- 

~rLq 
dS

q (8)

Th i s  e q ua t i o n  can now be solved fo r  c p ( P )  by u s i n g  Eq.  (6 )  to r e l a t e  the normal

a c o u s t i c  v e l o c i t y  and the  p o t e n t i a l  a t  the  s u r f a c e .  However t h i s  integral

e q u a t i o n  has i t s  own set of a s s o c i a t e d  ei genvalues  at  which unique solutions

cannot be obtained. To circumvent the  problem a s soc ia t ed  wi th  the  so lu t ion  of

the  i n t e g r a l  equa t ions  der ived f rom E qs .(5 )  and (8) ,  Bur ton  and Mi l l e r  suggested

the solution o the following linear combination of these equations:

$ 
J’ (cp(Q) ~C(P ,Q) 

- C(P ,Q) ~~(Q) ) dSq
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+ 

~~ 
(~ (Q) - 

~~~~~~~~~~~~~~ 

~2 ) dSq

= 2~ (~ (P) + 
~ ~~~~

-)

wh er e  ~~~/ ~n and ~) a r e  r e l a t e d  b y E~~. ~6 ) .  Equation ( 9 )  v i ii y i e l d  un i que

so1uti~n is  i f  t h e  comp lex  coup l i n g  c on s t ~~ -.t is  p r o p e r l y chosen. It is shown

t h at  O~ must meet the follewing r e st ri ct i ns to ~u~~:intce that Eq . ( 9 )  y i e l d s

*un i qu .~ s o lu t i o n s :

im (~ ) ~ 0 k real or 1~~~~~ir ~~ry

Ito (ci) 0 k complex 
- 

(10)

A p rob le m ar i s e s  i n  t h e  n i -;-~ric -il solution of Eq . ( 9 )  as t hc -  t h i r d  t e r m

on the  l e f t  h an d  s i d e  is st r o a ~~~v s i n g u i a r  in . its present f o r m  as t i~~ p o i n t

Q a p p ro a c h e s  t h e  p o i n t  P on t h e  s u r f a c e  o f  t~~e ~ad: . The ~ u t  hors  of t h i s

paper h a v e  shown tha t t h i s  difficult y c-i a b~ c-.erco~ e by  a p r op~~r ir t e r p r -- —

t a t i o n  of t h i s  ~ in{’u1a r tern. Emp loyin~ a vec ’~ t r a n s f - r ~~a t i o n 8 and t ak i n g

the  Cauch y P r i n c i p le Value , Eq.  ( 9 )  is s~ ~~ to  he e q u i v a i c r ~t to

~~ 
~~~~Q) 

— G(P ,Q) 

~~~~~ 
] 

dS
q

+ c~ $ $ [~ (Q) - ~ (P ) ] 
g G ( P ,Q) dS q

~ q 
(11)

~ ~~~I’) $ (ii~ . fl q ) ( ik ) 2 G(P ,Q) dSq

~ 
It has been p e i nt ed  out to  us by a r e v~ - v - r  t h a t  an equation of the same
general form as Eq.  (9) has been given b’, Cherrock 7. However , for an arbi-
trar y, s n ~~o t h  surface , Cher tock d i d  n~~t iaterpre t this integral equation
c o r r e c t l y .  S p e c i f i c a l l y ,  the  li m it ind ic at ed in the final term of (A17) ,
Ref . ( 7 ) ,  does not  e x i s t  as may be v e r i f i e - i  f o r  the s imp le case of a sp here.

p.

- ~~~~~~~~~~~~~~~
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~ $ 
~ G~~~~2 (

~) H~-~ 2- dS = 2n [c~(P ) • + wJ r i f l  ~~ii q on
S 

-

All of the terms in Eq. (ii) are now ~~- t l  def ined ; however , a l l  the inte—

grands are oscillatory and singular so tha t care must be taken in their

numer ica l  approximation .

Axisyn-snetric F o r m u l a t i o n

When dealing wi th  a bod y of r evolu t ion  as shoi n in Fir .  2 an axisyni—

met r i c  fo rmula t ion  of the problem is advantageous.9 This  be ing  the case an

element of area dSq bcc o:~es p dsdd i.-h u r e  s is t h e  dis tan ce a long the p e r ime ter

of the surface in the p -~: p lane , Assuming  an acous t ic  ve loc i ty  d i s t r i bu t i on

of the form

= v ( s )  cos to e (12)

and desc r ib ing  the s dependence of the po ten t ia l  funct ion by

cp
cos in e (13)

and le t t i n g  0 =  0 (so that cos Q =  1) Eq. (11) becomes:

j J  ~~(Sq
) ~~1~

P~Q) cos eq dSq

- a ~‘( s )  $ 1  C(P,Q)(ik)2(n •n
q) 

dS
q

+ a ~~ (5q
) cos m 

°q 
- ~ (s~~)] 

~~~~~~~ 
dS

q

(14)

- $ $ V(Sq) C(P ,Q) Cos in 0q 
dS
q

S

1~
- - -U

p.
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- ci’ J $ V (Sq) ~~~~~~~ 
cos ~ 0q dS

q
S p

= 2 _ L
~

( s )  + a’ v(s )j

Now , three sets of functions arc defined :

Influence Functions

1
1 

( r )  = 2 C(P ,Q) cos m eq dOq
(15)

12 
(r~~) = 2~ $

fl 
~~~~~~~~~~ cos in eq deq

Kerne l Functions

K (r ) = 2 1 (P~~~ cos in de1 ~ ~tiq 
q q

(16)

K 2 (r~~~) = 2a 
~~~: 

~~G~~~ Q) 
cos ~ 0q d0q~ 0q ~ e~

Forcing Functions

• F1 ( r )  = 2a 
$~
G(P,Q)(ik)

2(n
p

•n q) deq

(17)

12 (~~~) 2~ J’ 
G 1~~ dO

q 8q ~ Op

where r is the distance between points P and Q and n~ and flq arc the

outward normals to the surface at points P and Q, respectively. In evaluat—

in~ K2 and F2 , the point at which ~ 
= is excluded from the integration.

Substituting Eqs, (15)=(17) into Eq, (14) gives

• . 

J ~(Sq) {~~~
rpq + K

2
(r

pq)} 
d5

q

- p.

- _____ ~~~~. —— —~~~ 
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“ , a a a~~~~ . a .  ~ - -  
~~~~~~~~~ - — —~~



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

10

- ~ (s~~) $ {Fi (r
pq ) + F2 (r pq )} dS q

(18)

- 

J 
v(S~) {I~~ rpq + 12 (rpq)} 

dS
q

2 n~~~(s~ ) +

- • where ~ is the length of the gene ra t ing  line of the surface of revolu t ion.

The s-O coordinate directions have now been essentially uncoupled so tha t

the problem has been reduced to the eva luat ion of the l ine in tegra ls  in

the coord ina te direc tions on the sur fa ce of the body. This formulation

does nor restrict the form or type of boundary conditions on the body;

it merely assumes that the boundary conditions can be represented by a

sum (expanded in a set)  of tangentia l modes .

III. Resu l t s

The acoustLc field s for a sphere , cylinder , and inlet configuration

have been compu ted by numerical solution of Eq. (18) using the techniques

described iii Ref . 10. BasicalLy, this method consists of firs t specifying

the p-Z coordinates and the normal vector- at each point on the surface .

From there quantities the distances and the normal derivatives can be ob-

tam ed . The integral in Eq. (18) is then separated into n integrals taken

over subintervals of l ength tjn. The acous t ic  potent ia l  is assumed cons tant

over each subinterva l and the integrations are performed numerical ly using

Causs—Legendre quadra ture in the p Z P l n i t - . Over the subinterval containing

the poin t P , the integrand in Eq. (18) becomes infinite since r
q 
approaches

zero. Thus, only an even number of points is used in the quadrature algorithm ,

since an odd number would necessitate inc lusion of the point where rpq = 0.

p. —  
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A Cat s~~— L egen dr e  q u a d r a t u r e  fo r m u l a  is ~.s-:-~ in . the c i r c u m f e r e n t i a l  d i r e c t i o n

to e v a l u a t e  E qs .  ( i s)  — ( 1 7 ) .  A l i  c a l co l at i o n s  were pe r fo rmed  on the Georgia

• Tech C !C  Cy ber 7017c w i t h  s i x t e e n  si gni i~~~nt  f i g u r e s .

In a l l  geom~ t r i es  i n v e s t i gated , ex~~:t s o l u t i o n s  were  o b t a i n e d  for  ~n = 0

b y a s su m i n g  a monopol e  s o ur c e  l o c a t e d  at  r o in t  ( ~ , z )  = (0 ,0) ins ide  the  sur-

fac e .  The normal v e l o c i t i e s  a n d / o r  admitt ance values are then computed at

each poin t on the surface using Eq . (6) ard taken as the boundary conditions

in Eq.  ( 1 8) .  The s u r f a c e  p o t en t i a l  ~ (s
) is tben computed from Eq .  (~~8) and

th e far field potential is obtained by nc~~ori ca 1i y so lv ing  E q .  (2 )  w i t h  E q .  ( 6 ) .

The computed surface and far field ~-ot e- -~:ials are then compared with the kno~in

potential distribution of the monopoic source

ika
(19)

wher e a is the d i s t a n c e  f r o m  the source  to  the  o b s e r v a t i o n  p o i n t .  For in = i

a d i pole source was used to  g e n e r a t e  c> ::ct solutions , and for in = 2 a quadra—

po le  source  was used .

To i n v e s t i g a t e  the  e f f e c t  of the cc~~~iing constan t ~ in E q s .  ( 15)  — ( 1 7) ,

the surface potential distributions for a sphere of unit radius with a uni-

forml y vibrating surface (i.e. in = 0) w~ r e  c~ -~p~ ted for a ~O ,i , and i/k. Twenty

suhint rvals were taken in the  p — z p l a re , a four—point Causs—Legendre quadra-

ture formula was used over each subint~~~val and a twenty—point Gauss—Legendre

foru~u l a  was used in the 
~ 

direction . The m agniti~ e of the potential should  be

u n i t y  at all points on the s u r f a c e .  The r e s u l t s  p r e s e n te d  in Fi g. 3 show the

comput -d m a g n i t u d e s  of t he  s u r f a c e  a c o u st i c  p o t e n t i a l  to  be in error  b y 12

per cu n t  fo r  
~~~= 0 a t  n o n d i m e n s i o n a l  wave n u m b e r s  ka c lose to ~ , 2 

~~ , and 3
~~ .

These r e s u l t s  are those  t h a t  would be ob t o i n e d  f rom Eq .  ( 7 ) .  The relative ly

large errors are t - ; ~p r c t e d  from t h e  a n a ly s i s  of B u r t o n  and M i l l e r
1 

and from previous

2 , 5

inve sti gations using Eq. ( 7 ) .  Bur t o :~ proves t h a t  s e t t i n g  the imag i n a r y

p

p.

~~L ~~~~~~~~~~~~~~~~~~~~~~~~~
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par t of ~y nonzero  guacan t ees  u n i que s o l u t i o n s  to  E q.  ( 1 8) ,  For a = i the

maximum error is reduced to less than four per cent except when k is close

to 8.0. However , wh en o- i , and for sufficientl y hi gh va lues  of ka , Eq .  ( 9 )

i s  dominated by terms arising f rom Eq.  ( 8) .  As a r e su l t , the s o l u t i o n  equa-

t i on s  become i l l— c o n d i t i o n e d  when  ka is  s u f f i c i e n t ly hi gh and close to one

of the ei genfrequencies associated with the integral equation based on Eq. (8) .

In Table  I computed va lues  c lose  to  these ei gen f r equen c i e s  and the  ei genfr e—

quencies of Eq . ( 7 )  are compared with exact results for ~, 0 , i , and i/k .

In all cases , the value of i / k  g ives t h e  most a c c u r a t e  r e s u l t s .  In Table 11 ,

the effect of introducing an admittance condition is presented for a i/k.

The adm ittance Y(Q) and forcing function A(Q) in Eq. (6) are chosen so t h a t

• the relations

- ~~~~~~ (20)
-~--- - Y(Q)~~~= A(Q) , ~~~~

- —

q

are satisfied on the surface and the exact solutions can be readil y computed.

The loss in accuracy when an admi ttai~ce cond i t i on  is used is minimal and re—

s t r i c t ec i  to the th i r d  si g n i f i c a n t  f i gure .  However , fo r  d i s c o n t i n u o u s  boundary

c o n d i t i o n s , w h e r e  the  forcing function is specified over one part of the sur-

face (i.e., th e a d m i t ta n c e  is zero there) and the admittance is specified

over the remaining surface , errors of over ten per cent in the real and imag i-

nary ports of the computed surface potential result. For comparison , the case

of a constant forcing function and admittance over the sphere for a’ 0 is also

p r e s e n t e d  and in al l  cases y ields  re su l t s of less acc uracy than those ob tained

w i t h  ~ i / k .

In this stud y consisten tl y good results were obtained with a’ i/k. In

Fi g. 3 the computed and exact values for e = i / k  agree to three significant

f i g u r e s  over the range of nondimens iona l  wave numbers f r e - ~ one to  ten .  In

~ 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ‘-~~~~-= -~~~~~~~~~~~~ 
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fact , for this v~~1ue of a’ , the accuracy is si g n i f i c a n t ly b e t t e r  a t  a l l  wave

numbers i n v e s t i g a t e d .  W h i l e  Bur ton  and > I i l le r 4 p rov ide  no recommendat ions  f-o r

choosing one va lue  of a over any other va lue  w i t h  an imag inary  component ,

the choice a’ i/k  used in the  p re sen t  s tud y can be exp l a i n e d  as fo l l ows .

The terms in Eqs .  (1 5)  — (17) which involve cj are of order k2 wbereas  the

remaining teems are of order k. Therefore , at hi gher wave numbers the terms

of o rde r  k 2 d o m i n a t e .  By choosing ~ to vary i nve r se i y with the wave number ,

a l l  te rms in Eqs .  ( 15)  — ( 17 )  r e m a i n  of the same order  w i t h  r e spec t  to wave

*
number.

A problem of uo~ e practical importance is tbr fini te axisymmetric duct

• s ince th i s  s u r f a c e  app rox ima te s  an eng ine c o n f i g u r a t i o n .  The s u r f a c e  poten-

tial distributions are presented in Fig. 4 at different nondimensional wave

numbers for in 0. The normal acoustic velocity distribution A(Q) is chosen

so that the solution for the acoustic potential satisfies Eq. ( 19) .  The

p a r a m e t e r  a is token  to be ilk. Twenty  s u b i n t e r v al s  are t a k e n  in the p —z

p lane and a twenty—point Gauss—Legendr~- quadrature is used in the ~3 d i r e c t i o n .

In Fi g. 4 the  v a r i a t i o n s  of the magnitude and phase with distance along the

p e r i m e t e r  s are p rc sen ted .  The l a rge s t  e r ro r s  in the computed  magni tude  of

the p o t e n t i a l  of abou t  ten  per cen t  occur  on the ends of the cy linder and at

the corners. The r e s u l t s  a t  the  ends can be improved w i t h o u t  inc reas ing  the

number  of pointr by area weighting rather than taking equidistant points

along t h e  p e r i m e t e r .  The e r ro r s  in th- - pha se are le ss than fo ur per cen t

in a l l  cases . Th e errors  in the magnitude of the computed surface potential

increase with increasing nondimensional wave number;

* It. is interesting to note that in the report by Chertock
7 he suggests the

usc of 1/k on the grounds that it has the correct phy sical dimensions
(i.e . length) that will maintain the dimensional homogeneity of Eq . ( 18) .

p.
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but , even when ha =10, the numerical results are within ten per cent of

the exac t solutions. For a=0 or i the errors are significantly larger

above ka=Z .

In most inlet problems the boundary conditions are discontinuous with

the acoustic veloc ity or potential (which is directly proportional to the

acoustic pressure) specified over part of the surface and the admittance

(represen ting liners) over the rest. To determine the effec t of the discon-

tinuities and the use of an admittance function on the numerical results

for m = 0 , a cylinder was investigated. The veloci ty was specified on the

ends and the admittance was specified in the center so that the solution

for ~ was given by Eq. (19) and Eq. (6) is satisfied . Again , twenty points

are used in the p— z and 0 directions . The results are shown in Fig, 5.

Al though the errors in the numerical results for this case arc higher than

those observed in Fig. 4, the errors sti ll rema in within 10 per cen t for

values of ka less than 5. However, when ha =10 errors of up to 40 per cent

in the magnitude  of the potentia l are encountered close to the d iscont inui ty

in the boundary condition. This error can be reduced by increasing the num-

ber of subinterva ls in the p—Z plane. Doubling the number of subintervals

halves the error . When both the normal acoustic veloci ty  and the admit tance

are continuous on the surface, the errors are of the same order of magni-

tude as those of Fig. 4 . For tangential modes, the varia tion in the circum-

feren tial direction behaves as cos in e where in = 0,1,2.... . To check the

numerical integration scheme in the circumferential direction , the surface acous-

tic potential was computed for m = l  and m = 2  for the cy linder shown in Fig. 4.

The results are presented in Fig. 6 for ha = 2 with the normal acoustic velocity

specified everywhere on the surface. The computed and exact results (i.e. from a

dipole and qud r~ipo1e) are in ag reement to within two per cent for both m l

r -

p.

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
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and i n 2 ,

I t  has been shown 5 tha t  once the su r face  potent ial  has been accurately

computed , the far  f ie ld  can be determined to at least the same accuracy as

the surface potential. This  result is confire~ed by the data presented in

Fig, 7 for the cy linder of Fig. 4 with the velocity specified everywhere on

the surface with ka=2 and m= 0, The results at 20 radii  from the surface

arc in agreement wi th exact results obtained from Eq. (19) to within one

per ce-nt even though the surface errors at some points are above two per

cent. Data in Fig, 8 show that accurate results are obtained at distances

greater than one integration stepsize from the surface, At closer distances

errors from the numerical evaluation of the singu larity in the Green ’s

function defirind by Eq. (4) leads to large errors,

The studies of the acoustic fields of the sphere and cylinder served

to check out and refine the numerica l procedures and programming techniques.

The next configt~rati.on investigated was an inlet used in a study by NASA,11

This in l e t  is shown in Fig. 9 and was chosen because:

(1) unl ike most inlets used in research studies , it does not have a

bell—mouth shape but is shaped like a typical inlet used in exist-

ing aircraft; and

(2) complete details on generating the inlet boundary are given in Ref. II ,

For thi s inlet , all cases were investigated wi th a’=ifk.

As seen in Fig. 10, the normal velocity distribution , which represents

a forcing function , is h ighly dis con tinuous and provides a severe test of

the numerical techniques employed . The numerical and exa c t solu tions for the

surface acoustic potential are compared in Fig. 10 for 32 and 54 subintervals

taken along the perimeter of the inlet in the p-Z plane. Because of the errors

in appi-oxisnating the lengths of each subinterva l, the exac t solutions d i f f e r
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sl i ghtly as the distance along the perimeter s increases. The centerbod y

in Fi g. 9 extends from 0 < s < 0.8 , the fan inlet covers 0.8  s < 1.4 ,

the  i n t e r i o r  contour  e xt e n d s  f rom 1 .4  ~ s < 3 .5 , the  e x ter i o r  f r o m  3 . 5

s ~~~~ and the c i r c u l a r  arc  l i es  w i t h i n  t he  i n t e r v a l  5 .5  < s < 7.45.

I n c re a s i n g  the  number of p o i n t s  dec rea se s  the e r r o r  p r o p o r t i o n a t f J y as

indi cated by the data in Fig. 10 at a nondimensional wave number ka of

uni ty where a is the radius of the inlet at t h e  fan entrance section .

The. a b s o l u t e  average  er ror  in the  r e s u l t s  dec reases  fi nn 10 .2 per ee.it

fo r  32 suh i n ter v a l s  to  4 . 1 6  per cen t  for  53 s u b i n t e r va h . The c o m p u t a t i o n

L. i,iie iu cr e a s e d  f rom 53 sccond~ t o  l ’~3 seconds , respectivel y.

Ae shown iii Fig. 11 , the errors increase w i t h  i nc r ea s ing  f r e q u e n c y .

Like the cylinder , the maximum error in the acousitc pot entia l for the

inlet c o n fi g u r a t i o n  occurs at the po~~ ts of disco ntinuit y . The average

error increases from ~+ .l6 per ceat at ka = 1 to 15 per  cent  a t  ka = 10.

For the d a t a  in Fi gs.  10 and 11 , the acoustic potential is assumed

c o n st an t  in the  tangential plane . The results for a cos (m 
~ 

) distribution

are presented in Fi g. 12 at ka = 2. These results show the insensitivity

of the accuracy of the computed results to the tangential distribution

for in 1 ,2. The exact soltuions were again generated by as suming di pole

and quadrapole sources located at ( 
~ ,z) (0 ,0 ) .

Base-d on the above results our numerical and pr ogramming techniques a re

capab le of y i elding reliable results for arbitrary geometries and boundary

con ditions. At hi ghe r f r eq uencie s, (ka > 5) it appears that more points

m u s t  he taken to increase the accuracy of the computed results.
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IV.  Sum mary and Conclusions

An i n t e g r a l  solut ion of the lie lmhol tz  equa t ion  is developed for use in

acoust ic  r ad ia t ion  problems. Unl ike  the c lassical  fo rmula t ion  wh ich can lead

to integral equations that do not have unique solutions at frequencies cor-

r e spond ing  to c e r t ain  i n t e r n a l  e igenf requenc ies  of the region enclosed by

the su r f ace  under  cons ide ra t ion , the fo rmula t ion  used in t h i s  s tud y is v a l i d

-it all frequencies. Al so , unlike most cu r r en t  methods  and fo rmula t ions  i t

is s t ra igh t forward to imp lement regardless  of how comp l i ca ted  the sur face

or the boundary condi t ions  may be . The surface potentials computed nunieri-

c a lly  for a sphere and cy l inder  us ing 20 sub in terva l s  along the pe r ime te r

and fo r an inle t confi guration with 53 subint c-rvail s are accurate to wi thin

ten pe-r cent for nondimensional wave numbers ~a of from one to ten where k

is the wave number and a is the c h a r a c t e r i s t i c  length . For d i scon t inuous

boundary cond i t ions , the numer ica l  and exact va lues  arc in agreement  to with-

in 10 per cent for l~a < 5. At h i g h e r  f r e q u e n c i e s  the results are as much as

40 p er  cen t  in error  at  po in t s  of d i scon t -  inu i ty which sugges t s  taking more

p o i n t s  in ev a h i s t ~ ng the i n teg r a l  equa t ion  to increase the accuracy when dis-

continuous boundary conditions are specified . Inc reasing the number of sub-

i n t e rva l s  decreases  the error p r o p o r t i o n a t e l y .  At d i s t a n c e s  g r ea t e r  than the

numerical jut c~~m i t i o i i  s tep s iz e , the f a r  fie ld resu l t s  are at  least  as accu-

rate si; the corresponding surface potential solutions.
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Table I

Effect of the coup ling parameter a on the computed values of the surface

potential for a sphere. On the surface A(Q) = (1-ik)e~~ , Y(Q) = 0 ,

constant , m 00 All values of ka correspond to internal eigenfrequencies.

Twenty subintervals were taken in the p — z  plane .

~~~~~~~ ‘

_________ ______ — 

i/k i 

-- 

EXACT

ii cp 2,0 1.000 O .92i -~ 1

~p .  —6.3 0.001 —0 .012 0

4.493409 0.190 0.217 0.308 0.217

qi . 0.979 0.976 0.955 0.976
L

—2.0 —1 ,000 -0.996 -.1

~p. 12 .6 0.000 0.031 0

7.7 2 5 252  

~ r 
—0.081 —0. 128 — 0 . 400 —0 ,128

—0.994 —0.992 -0,872 —0 .992

2,0 1.000 0.995 1

~~~~
. -19.0 0.000 -0.050 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
- --~ --~~~~~~~~~~~~~~~~ -~~~~
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Table I

Effect of specifying an admit tance on the conpu ted surface potential

for  a sphere . In a l l  cases ci 0 , twenty sub in te rval s  are taken in the p — z

p istiL - , and ~~~~~~~~~~~ everywhere on tI:~ surface . For Case I , A(Q ) = 
3.k

and Y(Q)  -~~ A evcrywhcre on the sur face .  For ca se  III , A(Q) e
lk(1_ ik) and

0 over 1/S of the surface and A (Q) = 0, Y =- (1-ik) over the remainder,

Case II is considered in Table I.

CASE I CASE I CAi~ II. CASE Ill. EXACT

ha a = i/k a = 0 = i/k a =  i /k VA LUES

1 ~p —0.539 —0.537 — .38 —0.52 —0.54 0

~~~~. -0 ,845 0 .849 -O ,f43 -0.87 -0.S42

2 
~r 

0.418 0.422 0.417 0.43 0.416

ç. —0.9 11 —0 , 937 —0. 33 9 —0 ,92 — 0 . 9 0 9

3 ~ 0.9 9 3  0,9 1 6  0 . 990  1 .00 0 . 9 9 0

~~~
. —0,142 —0.496 —0.140 —0 .16 —0.141

~ 
~ r 

—0.285 —0.288 —O.2$-~ —0.25 —0.284

c~p~ 0.961 1,145 0.959 1,00 0.959

10 
~ r 

0.841 —0. 3 0, 339 0.90 0,839

0.546 0.9 0.544 0.49 0.544

_: J L . ~~T~ T~~~ ii~~r ,
-u ~~ - - -  - -

~~~- _ _
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Figure 1. Geometrica l Properties of the General
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Figure 2. Cy lindrical Surface Geenetry

I.

- —-~~~~~---- -

iLi ~~~ ~~~~~~~~~~~~~~ ~.
--—--- — - - - - -

~~
- - — -—— - - — — -

~~~~~~~ 
.—.-—. ‘ 

~~~~~~~ -~~~~~~~~~
.-

~~
—.

~~
-- ‘ -  _ - ._ . -_  

- 
- - -



24

O4ri D — 2

oD~~~~
U 0 .0D
V ‘~-4 ~~I—

0 - N

Li
0

N 0
— 

— -
~ 

0

I.



25

I

7 
~~~~~
_j

/ 
(I) ~~~~~~~~~~~

N /
/ 0

-

~~~~~~~~

è~~ ~~o.

~~
‘ 

~.f t- ~l .,~4 $4 0

I
‘ I

r.q~i ~~o o ~~~~
0

I ~~L . ~~~~~~~~~~~~~~~~~~~~~~~~



r — - • —

~~~~

-- -  

Lb

_  

-
~ U-)

~~~

,~~~~~~~ 

9

<

-

~~~~ 

!:

\ 
U

c~\ 
I

‘

~~~~ 

_ i o  o o ~~ ’

I 
.

t~J — 
1

/ 
e - O O ’ 1~~~~~

1

W
~~ 

LILt 
0 $ ’

~U~il 
—

1 0
I II . t~

•) 
~~~~~~~~

— — — — — — — — — — — .J — — — —0 (C) 0 it) 0

c%j
~~~~~ 

-
~ 

— 0

4

a- - 
. 

- -

— •  

- _ - —  — - _________

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
—

~~

—--_---
~~
-.‘-

~~ 
- -.



r 

-

~~~~~~~~~

_________

I I N

C/) 4.J c

II

oz

/ . 4 4 - I
L i e

.1~~
’

~ 4-i C
0 c ~

- -2

N U’
I’ C/) /
.~C .

0 PE — N 4  ‘

~1~~~i
U’ 0 0
-~ 

-
~ 0

N

- - - -  —-•- - - - 
—

. 

-

-

-

-

~~- ‘ _ -
- -

- 
• 

-



r 
- - - - ------—-.-----_--—-•--.—- - .-. — -  - 

- -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~
,-

~~i

¶
0 0

•

f
\ > (~ 0

\o

I I \~C,) .4~

0 Iz
~ 

I 
I

0 .—4 L)0 0 0  I 0
• 1 N_ — 4

I..-
—o 1.4

0o -I
I I, I

o (0 0
- — 0 0 0 0

a 0 0

— — -~~ — — — — — — — — — — — — -~

0
— Li 0 0 0 0

(I)
4
x
0~

I.

~~~~~~~~~~~~~~~ -~~~~~~~



- - - - 

a - --
~~~~— -

~~~~

-

29

/

1

7- _ I I
/ 0// -0 $.

—‘I
, 

— —

/
/ 0
/

/ d U-4
rK U’i__i N

/ ci/I II 0.~~-’/ U)—
I 0 0

I-1

I

U
—

— — o  Li

-

- 

-

0 
0 Ui

C)

e E

0 —
c~i O tti

C)0
0

—4

0

_ _ _ _ _ _  
I I~-~co N
0 0 0

— - . -  ~~~~~~~~~~~~~~~~~~~~~ - — — —  

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—~~~~~~



—.-— - - - - - • -- ——---- -- ---- --, •-—- - - - - — - - --- 

LU
a:
Lii /
‘ 7

/ 
LU

I UzzI z.
~zOI <U- --

I a: I—
I HOO

Zi— LJJ
LU L()

-—

HO
a: \ z O
~~~~) \ w c r ~U 1 : )
F- I 

~~z ~~
—..-_j

U I
0

LL I a :  i-I

Q 

~0a: t — .  CI a :  H

F- IF- 0’.

><
LU — 0

P4

I,

~~~ IJ_ ~~~~~~~~~~~~~~ . — . -----•- ~~~~~~~~~~~~~~~~~~ - - -

~~~~~~~~~~~~~~~~~~~~~~
_, -i •

~ — -•----.-- - • - - -  — -- -



.---- - - - - -----,----- -—----- ---—- ----- -- - - - -------.----- -- -- - — - --— -

31

~~~c’J 
— GD

~~t II -

C
- , l O c”i (1~“ -o - - 

U 
- - - -- - - - - - 

4-I .~Z
CU E) U L 

~J)

t~ -s--’ ,~
—‘ z~ - - ~~-a +-‘ -

~~~~
c ~~

- 
- - ~~~~L C ni ~~ ,. “-‘

0 O X ~~~~ 
‘I

O U W W  ‘IJ
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C Li II

— - - - - Z ~~ E
I C ) C )  -

o ~ 

± - - -- 
; i;

_ _ _ _ _ _ _  
0

I $4
I U C

~

0
‘-I

0
0 ~o 

- — 0--- -  - - — - —~~~~ ~~I
o
0

-

~

- - - - - - - - k 

0 I
_ _ _ _ _ _  _ _  __Jo

. ..—.. --~~~a,.-*. -01. - -

~~~~~ -~~~~~~~~~~~~~~~~ •
-~~~

.

-~~~~~~~~ 
:_ - - - ~~~~ 

- - - -

~~~
-- -

~~~
- - —

~~

--

~~~~~~



32

GD
I c~
0 I ~~0 0

- 
Ii,

C) 0
~J’) ~- 4 ( ~

• -4--I - H )

~~~~~

nI

~~~~~~~ ~LT 11(0 

U0 0 •l - - - - -

o II_ 
_ _ _

~~~~~~~~

1 

II

$4

I 4-4
C ’

4-4 0 —I
0 •.-I

1J~~~ 4
Li

~ 

“ -J C
I.-~ ~f l L i

I-’

0c~J

- —~~---- -- ----—--~~~~~ 
__i__ :~.: T T 4 -~~~~~~ T~~ ---~~~~~~~----



F

33

cC

-5 - E E --- - - - -- -- -
--4 

.

~~~~ I

a) - - I i  ~J)
•~~) -I-)

3 
~~~~~ 

U ,‘ J 1~~

IH

a. 
~~ 

RI (15 9 ~~~~~ 0 C

E ~< ~<
O S ~~~~~ X

UU
o 0 I - - - - 

~~~I 0 6  C C
I -I 0 0

0
nO C

Li
1.4 C)

-- - - - - -~~~~ ~~~~

_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Z Q  

— — -  - - --

I Z o

0 t ~I •-4 I1
4J 4-J 

4 (\I U C C  
C C )

4-i -~~
44 0 C

- -----4:3- 1~_ --- -- - - - -----~- —-- —
C) 

1- -~-~
_ _  _ _ _ _I  1 0

- -

4.

~~~~~~~~~~~~~~~~~~ 

-
—



— ----~~~~~~~~~~~_ 
- - ------ -- — -- -~~~~~~~~~~

Appendix C

Paper presented at the AIM 5th Aeroacoustics Conference in

Seatt le , Washington , t~~rch 12- 14 , 1979 , AIM Paper No. 79-0675

“Sound Radia t ion Fran Finite Length Axis~cnretric EXicts and

Eng ine I n l e t s ”
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SO UND ~AJ LAflO’~ FROM flNI~~~~ ~~~~~~~~~~~ - 1 ~~~~~ET~iCDUCT S ANb ~~~~~~

** + 2w . L. ~
-‘~~ ~~r , W. A . S~1L • a~~d 3 . .

Schoo ’ oC A~ ro~~ace Ei.~~ L~~~~er j ng
CeorSi~i 1nstjtu:~ o:: ~~~~~~~~~~

A~1ar~ a, Georgia 3O33~

Ab~ Lr.ict extCri~ r sound 1i~~1ds to ~~ ~i . ingle entity, ~$~us

~~~~~~~~~~~ ~he erru r~ assoc L~~ ,~d with rn~ ny of the
Results aru  o h t , j n e d  by nis--cric-i l integr :~tion previously used approaches . Cotiparison of the ~olu—

of a cy l indric ally symmetric integral represerlt — tions ob:~~ r c-d •isir.~ th is eethod with exact -olu—
tL on of th e  exterior solutions of the }telctholtz tions9 and ~~~ th ose oI re lated investj~:a~~ions
equation which is vilid (yieids unique solutions) should shed - - n~ c i i  upon t~~e ap p l i c a b il i t y  of
at all w-~v - -rnunber s . The admittance values across the acaly:i~

- -i: apprciaches ut ili zed in these other
the entralice plane of hard walled ducts of various jnvestj~ ations .
l e n g t h s  and geometries are computed and compared
with c e r r in c Ia i~aI” (e.g., W einer—H op E) v-ilues. T~ e solut ion ap n roach uti lised in this s tudy
Tho intern, i l v v 4  struc ture is also investigated con-,~ sts of the nn-~~r i ca l solution of a special i n -
for srrai ght hard walled ducta and cu~u- r cd with tegral repre5eniation of the solutions of the Helm-
results obtained froti other theories. The radiated bolts equation for an exterior (i.e., to a given
sound tields from ducts of different geonetries are body) dor~a i n . The app licabilit y and accuracy of thi s
thei, compared for both unlined and lined co:iiigura— solution ap--roach h v e  been d 0 n ~ trated for two
t ion s . I t  is found that changes in t h e  duct  geomet ry  dL ~ ensiooa i t 0 .u1 , three d irseusional S,12 , and axisys-
result in significant changes in the radiated sound rietric3J3 geometries in earlier ~nvesrigations con-
field. Thus, it is concluded that the Sound suppres— ducted e~ der this program where it has been shown
sion by liners predicted from the stud y of straight t ,a c the dc -- eloped ent roach yields unique solutions
ducts may not be app l icable to note compl icated  at  a l l  waveosaaber a .
geometries such as inlet conft~,uracions .

Solution Procedure
Introduction

Th~ basis of this nethod is set forth in great
The development of an analytical raethod for pre— detail in Ret. 14 and therefore will nor be repeated

dieting the sound field radiated from axisymmetric , I-pro . In related studies conducted under ~hisA FOSR
fi~~ito le ngth ducts ii  of much practical , interest prograzi the ~-~plic ability of this approach to the
in the area of aeroacoustics , espec ia l ly  for the solution of acoustics problem s involving t~~ d imen-
determination of the Sound radiated from a turbofau sional , three d~-.-n sioria l , and ax t sy~a aetr ic Reome —
inlet , as having such a capability can elim inate tries has been der~ nsrra~ sd . Since the analyt ical
most of the cos t ly  f u l l  scale tes t ing  present ly  re— deve lopc~ents  and r e s u l t s  of these s t u d i e s  have been
qu i r cd . In .-‘ major ity of  past investigations of the pcbl:saed elsewhere 7,6,9, they also wi l l  not be re—
sound radiated from duc ts , either the rad ia t ion  pea t ed here . I n stead , sone of the advantages of
problem has been completely ignured i,

’ ,3 or the duct this so~ ut~on approach will be presented . First , as
acoustics and ~~~ ~adia tion problem have been t r ~~3 t -  sta t ed earlier , this cethod treats the duet radia—
ed separatel y.” ‘ In these studies , th e behavior tion ; ro b Iem c o n s is t i n g  of the sound generation ,
of the waves inside the duct was determined by spec— sound propacation arid r flection , and the sound —

if ying some heuristic boundary condition (e.g., a rad iation to the outside as a whole without sepa—
reflection coefficient) at the duc t entrance , in the rstin~ it into its cc~r~ponent par t s  as has been done
latter references this solution was then used to in related i nvestIgations. Second , the method can
determine the sound distribution at the entrance readily handle the infinite dotnaina encountered in
plane of the duct and this was used to predict the radiat .on problems. This is accomplished by employ—
properties of the radiated sound field . In reality Leg a fund~~ ental solution G(P,Q) which satiefies
the sound fields inside and outside the duct are the So~~ erfjeld radiation conditions in the inte-
not separate entities (i.e., they are coupled) and , gral equation. In the present study the free space
therefore , they cannot be properly treated separate— Green ’s function has been used :
ly. Th ese “sepa ra t e ” t re a tm ents  of the interior and
exterior sound fields in the duct radiation probl.ea
undoubtedly introduce errors whose determination ikr(P,Q)
requtr-s comparison wi th available exac t solutions. G(P.Q) 

r(P Q) 
(1)

In t h i s  paper t Ire duc t  sound r ediat i on  problem
is in v e s t i g a t e d  by u t i l i z i n g  an integra l so lu t io n .8 -

that considers the combina t ion of  the in te r io r  and
where, as show,i in F ig .  1 , Q is a poin t on the sur-

* This research was supported by AF O SR contract  face  of the body S, P is a poin t in the exterio r

number F49 620- 77-C — 0066 ; U.  Co l .  L,w ,- l t  Orusand. doctain, r ( P ,Q) is the dista n ce between these poimt a ,

Grant Mo nitor. and Ii is the wa”.r .umber. The third advantage is
that the cempu - - r  progr am develope d in a related

** A s s i st a n t  Research F ng i n ’ -e r , N’ e— ~~er AIAA.  inves t ig . a t i on9 , 1 i  is quite general and is a pp lic—

t Scien t i st  A s s o c i a t e ;  Present  Address :  lo~~ heed able to a v a r i e t y  of acou sti c radi at ion problems

Georgia Company , M.irletta, Georgia 30060; Member invo1v~ng arbitrary geometries and variabl e bound-

AIAA ary conditIons . This compu ter program can be ap-
p l ied to d i f f ~ re nc problems by merely chs nginz the

R eg ent- i ’ P ro f es so r , Assoc ia te  Fel low AIAA . jr.put data ,

- A ,C,O 45 1n4,Iul, of 5 ,. 5 5 S  211 1
A,~,,,n,uI, .. Inc., P1I’I ~ lI rugh ; , ,cs ~r,~ d
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It is shown in Ref. 9 t h a t  maximu m accuracy  is oh-

J 

t am ed when a — i/k. In its present fo r , Eq. (2)
contains no non-initegrablc singularities , a fact
which considerabl y s imp l i~~ies its numerical solu-

S H~~~ . Thus the solution of the entire duct radia-
tion probita has been reduced , wi th the present,-
formulation, to that of t i e  solution of a surface
integral over the body S.

The probl e— . is further simp lified in the present
stud y by l ir~itit g attention to axisysmietric config-
urat ions . In t t . i s  case Eq. (2) is further reduced

-5 / to (9)

~~(Q) y 1 (? ,Q) + K 2 (P ,Q)} dS q0

Fig. 1. General Geometry of the - ~~~~P) 5 {F 1
(P ,Q) + F2(P ,Q)}d qS

Radia t ion  ProbLem , o
t (3)

- — V (Q)
It has been sho~~ in R ef . S tha t unique solu— 

~~0 

+ 1
2

(P .Q)} dSq
tions of the e~ t e r n r l  acoustic radiation problem
cat; be obtained at all wavenwabers by solving the 2
following intagral equation: n{~~P + a

S S~~
Q ~~~~~~~~ — Q(P,Q) 

~~~~~~~~~~~ ~~ 
v~~~~ia s is the distance ~ long the 2—fl projection of

n q the body in the ;~~Z plane (i.e., See F i g .  2), and
q the influence ftnruti ns I

~ 
and 12 are given by

ST

+ a J 5(Q(Q) ~~(2))  ~~~~~~~~~ dS 2 G(P,Q)(coa w eq) deq~n ~n q 11 (P Q)
p ‘1

(2) ST (4)

— a ~ (P) J $(~ . i~ ) ( ik) 2 G(P ,Q) dS 12
(P ,Q) ~G(P,g) 

~~~ m Og) dBqp q q ~S p

t h 0  kernel functions I(
~ 

and K2 are_
~f ~~~~

)-— ) dS
q
_ 2~t(~~(P)+cs~~2I) ST. J  ~ n en

s q p 
~G(P~Q)( m eq) dOgK1 (P ,Q) 2 

~~~~
where , as shown I n Fig . 2~ the point P has been

(5)moved to the sut i i o  of the bod y S,nt represents an
external nor-al f r~~i tI. - body, _~~~~~ r e p r e s e n t s  a 

~ 2 (P ,Q) — 2a J• ~ L
0(p q)

(cos m e )d~no rma l der iva t ive  (~~~~~ i), and a- is a complex coup l ing 0+ Ofl
p~

Ti
q 

q q ~ p
cons tant.

- ‘ n the forcing functions Fj and F2 are4 q
n 5T

v q
(6)

~
2G(P .~) d~ e

and 

F
1

(P ,Q) 2a C(P,Q)(ik)
2
(i •~ )dSq

J o ~n~~~nq 
- q q I’8p

- V cos m

(7)
— cos ~ e

following the notation of - ~~. 15. In the above
notation m is the tangential mode and P ha~ been

Introducing axis~~~ e try further siu p lt (ies the

take r as zero (I.”. • cos ~fl ~ 1). 
p

p

solution of E q. (2)  to the evaluation of line in-
tegrals on the 2—fl projec tions of the body S In the
p — z  p lane as shown in F i~:. ~~. Also , the fonmila-
tion is valid for all tangential modes; howe%er ,

Fi g . 2. , e T cr e l  &xiay~~~. tr tc  ‘.~~ et t ~~ each v~ de mutt be so lv ed t oi separateLy .
and 2—D h’ojecr~~- r ; .

2 
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The re~ ui red s olu t i on  is o bt a in e d  by solving la~~:e changes in the r a dI a t e d  &ound f i e l d ;  a fac t
F~~. (3) for  the ,uri ,i ,~ d i s t r c h ~~i o n  of t~ e acou 5tic  -.--i ich is o ft e n  ignored in related studies. Third,
poten t i a l  ~ or the norma L acou . ~ic y e  lock :v V , t h e :nternal wave structure in the duc t was invest  i-
w l t i u h e v e r  is unknown . Also , s o l u t i s n~ can be ob— ga: d r~- now that th is i n t egr a l  so lu t ion  technique
t am ed t a r  ~ b y using ai~ e f fee t i -ce  ada it : a r ._ e , de- can  ~r e d t c t  b o t h  the i n t e r n a l  and externa l sound
f ined sa ‘~ 

- V / - I  ~ r / ô i/ ,~, as a bound ary  condi t ion  f i e~ d~~. In t h i s  connect~ on i t  should be pointed out
over any part of the slirt ace of the body (e . i .,  again tha t  this solution technique automatically
rep lace V by ~Y in Eq. (3) at the points  where Y is accounts for the coup h i ri T: efi,-sts between The in—
known on tire body, . terna l rod extarna l sound fields . Fourth , tin- tadi—

a:e-d sound fields for tra , d ir— .-rrsionall y similar ,
Once the surface d;~.trjbut ions of the acoustic acoustically lined d~ i t config urati on s (i. e ., a

pu t tir t hi l ‘nd the normal acoustic velocity are str aig ht duct and an tngirr, inlet) are compared to
known on rho surface of tire body, the radiated sh~w tha t optüsum admtttan~~- values for liners , de.
sound field can be determined using the fol~ owin ,. :e-tined from tIre stud ; ~f their effectiveness In a
integra l representations14 for ~ and ~~ in the st:aight dost , do not necess.~ i 1l y carr~ over to the
field: -~ 0 core comp licated inlet configurations .

In this stud y ,  the sutta~~. d~ stn ibu c jo;;s ..f the$ 5 (tp(Q ) ~~~~~~~~~~~~~ — C(E ’ ,Q) ‘
~- )h ~ -.r~~(P) unknow-r.s of the problem ~~~~~~~~ the acoustic poten-

s q q ci al and/or the normal acoustic vclocit~ ) are ob-
(8) tam ed from the numerical solution of Eq. (3). Since

and the unknown functions 
~

(Q) or V(Q) appear in the in-
tegr snds . it is necessary to solve a square natrix;

1 thus, the re- uired computing tirie increases roughly

S 
j’( (Q) ~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~ ~~~ ~~ as the squat- - of the number of points taken on the

~n an an ~n q ?n surface of the body S. In a typical run on the
s ~ 

q q 
Georgia Tech CDC Cyber 70/74 compu te r , 140 seconds of(9) conputing t ime were recuired to solve for the sur-

• face va lues of either ~ or V at 53 points on thewhere the point P is 00w located in the space sun—
rounding the body (i.e~ , See Fig. 1) so that the
kernel functions are no longer singular . For axisy~ To obtain values for ~. and V In the far  f i e l d ,
,rmrctric bodies, Eqs . ( 8 )  and (9 )  reduce to: ns. (10) and (11) are solved by simple numerica l

i n t e g r a t i o n . The t ime required for  t h i s  computat ion

K1(P ,Q) — I 1(r , t~) V (Q))d s~ ~~— ~ (p) ~~ rOt~Rb ’Y proport ional  to the number of points in
the f i e l d  and the number of p o i n t s  on the body. In

(10) a typical run, 70 seconds of compu t ing  t ime  was re-and qu ired to calcu lat e both 4. and V at  5? po in t s  in

f t the field w i t h 53 points on the bod y.

j ~~~~~~~~ 
g
2(~°~~~ 

- 

~~~~~~ 
V (Q))dS

q 
— 41T V(P)

o ( I I )  To detern r ne the dependence f the admi t tance
a t  the duct entrance p lane on the duct length , these
admi t t ance  values were computed for hard walled
s t ra igh t ducts having d i f f e r e n t  L/a values , as shownR c & u l t s in F ig ,  3.

In t he  present inve sti- ation , the integra l
solution technique has been utilized to study the
dependence of the rad iated  sound f i e l d  arid the
acoustic characteristics of the duc t  upon the duct
geometry and the acous t ic  proper t ies  of the duct
wall. This investigation has been carried out with
the ob jec t ive  of e va lu a t i ng  the dependence  of the
sound field radiated from a jet engine inlet ocr
the inlet characteristics , and to evaluate the
val idity of the -r; -r lytical approaches and assump-
t ions  utilized in related investigations. First , 

~~ I.
the e f f e c t  of the length  of t i r e  d u c t  on the ad—
,nt t t a nc e  va lues  a t  the ent rance  p lane of the duct
was inve s t i gat ed . The purpose of this stud y was Fig. 3. Geometry Used for Straight Due t
not only to show the e f f e c t  of changing the L/a Cocrputationr a
(i.e., length/radius) of tire duct  but a l so  to show 

-
tha t the Admittance i~ not a corra L at  across the
entr ance plane . This is significant as many in—
ves tiga t ions of s i m i l ar  and related problems assume
the existence of a constant “reflection coefficient ” In this case , driving consisted of a unit acoustic
at thi s plane . Therefore , the effect of the radi- velocity (V~~l) across the driver face . The coc, -
.,icd sound field on the duct acoustics cannot be pored admittance values at the duc t entrance pLane
properly accounted for. Se~~nd , the effec t of the are plott ed for two non—dimensiona l wavsnumbera
interna l geometry of the duct on the radiated (i.e., isa — I and 3) in Figure 4. Also noted for
sound field wits investigated . This was done to comparison are the “c1a~ sical” values for flanged

16

show that changes in the interna l geometry of the and utiflanged t 7  pipes. These rr-~ ult s ind i ca te t ha t
duct result in large changes in the admittanc e even for plane wave sound excitation the admittance
values at the duct entrance arid , therefore , in at the duct entrance ~.ane varies with the tra ns-

3
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verse dimension but it does not depend upon the
ducts l e n g t h - t o — r a d i u s  ratio , at least  for the in-
ve sti gated range of LJa and icc vo lues .

hemispherical
1’ermination

1 ,0 
U 

1.6 

Exi t

iii
~~~~~~~~~~: : ~ 1.2 

Plane Center—_~~~~~_~~~~~~j \
L

______ 
- 

•
‘ “ri Fig. 5. Inlet Geometry (L/a — 2)

::~~~~~~~ 

k a - l O

1.0 
3.0 

____  1.6 0.6 0.8

a S 
- 

1’r 
‘(
I

I I I I
LJa 3 CF. . 0.0 0,1 0.4 0.6 0,8 1,0

p a
0.2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 0.0

0.0 
0.Z 0.4 0.6 0.8 

1,0 — 3~ 0 
1.6

a 
_ 1 .2

Fig, 4. Admittance at the Exit Plane of a
Straigh t Duct with the Classical
Val ues for Flanged and Ur-tflenged Pipes.

- 0.6 — 0.8

y
To de termine geometrical effect s , the adm ittance r

at the entrance p ln ne of a hard walled inlet conhig- 0.4 — — 0.4
u ra t ion l8 ( i . . ,,  See F I g .  5 .) ,  with L/a — 2 was also
ca l cu l a t ed  assuming the s oni c type if  sourc e excita-
tion for comparison. These r e su l t s  are p lot ted in --- -
Figure 6. ‘e h.n cn-—pare 1 w i t h  th~ corresponding r e— 0. 2 _— 0.0
su I t s  for a st r a i th t duc t of the sam e basic d irn en—
aiona (See Fig.  4 .)  i t  is seen t h i t  th r  admittance
va lues change e i g n i f i . a r t l y ,  This is bu t  one ind ica— 0.0 1 I 1 .0.4
tion of the importa nce of the need to properl y 0 0  0.2 0.4 0 6  0 8  1 0
account for the inter na l geometry of the duct when • 

a
inv .stigatii.g duct radiation problems .

The int erna L wave structure was also inv es t j — Pig. 6. AdmIttance at the Exit Plane of
gare d for r *~~ h a t )  walled , straight ducts to de- the I n l e t  (t/a — 2)
t eriri nc its dependence upon rio charactcri&tics o.

4
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the sound s o c r t c e . The resuli.. arc presented in
I.. . for two ds t to r ent c~riv~ rs , one hav ing  a
constant unit no ri-ujl acouscoc velocity (i.e., V=I )
and the other  a cosine d i s t r i b u tio n  (i.e., V- cu s
(ri p) wher e 0 -: p ~ 1), at the søurid source p lane , V(z~~o) =for the case where ka — land m ( the tangent ia l  mode
nuar ber) equuls zero . These result show that the z~~ o z =j  z-~2 z=
diff erence between tire sound sources quickly djs— 10 f T 1  I T T~ ~~~~
eppe er with increasing dis tance from the source
p lane , as expe cted for low v alue s of the non-diuren- 0.8

sional vavenumber isa. The re sults for two addition- 06al cases ar e a l - c  presented; p
1

— V (z=o) ~ I _i~~~~ .J- --‘- -_ I 1

?~~0___ Z~~L Z~~2 ? . 3  0.002 04 06 08 l.00.8 l ~~ 08 10 06 0.8 1.0
1.0 

~~~~~~~ 
- ____-- T~~~ T~~~ T—r~~ -

,1 ~~~~~ ~ Ea0h 1 Sta tion

V z ~ o) = cos(ir/~)

02 I z=o  2 = 1  z = a  z~~.s• i.0
- L I _J J .~~ Li_ —i. 080~ 0.2 04 0.6 0.6 1.0 0.8 1.0 0.6 1.0 0.6 0~ 1.0 -

Each 2 S t a t i o n  ,934

V (z= o) =Cos(7rp) 
00 -

~ 
i__ ~

1 0 
_______ 

0.0 0.2 04 0.6 0.8 l~ 0.8 1.0 0.8 W 06 08 101.0 ~~~ Th
@ Each Z Station

06 
I~~i maX

P Pig. 8. Radial Distribution of the Acoustic04 — P ot e r i tia l  in a Hard Wal led  Straight

- 
Duct (L/a 3, ka~~~ 3,m 0 )

ao _L~~ L~~ I I .j_ j_

0.0 02 04 O~ 0.8 1.0 08 1 .0 0.8 1.0 0.6 0.8 L0

8 Each 7 S tat i o n

Fig. 7. R.adi4l Distributions of the Acoustic
Potential in a Hard Walled Straigh t
Duc t (L/a — 3 , isa — 1, m — 0)

in F i g .  8 the saute two sound sound sou rces ar e u sed Finally, the radiated soun d f ie l d s  ftc,-, both a

for the hi gher wavenurriber of ka — 2 while in 1~~~. 9 st r a i g h t  d u c t  and an i nle t  c o n f i g u r a t i o n  were corn -
a sound sor rc , -  with a natu ra l acoustic veloci t ’;  dis- puted and compared for both lined and unlined walls .
tribu tion of V — sin (pn) and a tangential erode The va lues used for the wal l  ada i t t an cea  and the
number er — I I s  used , Al l of these results indicate , wavenumbers were chosen to be the same as those
in ag r eemenr w i t h  basic acoug - Lcs , that the f iner  used by Zonurrski in gel . 19 so tha t comparisons
details of th~ soun d source are “washed out ” w i t hin  could be riade . Tr~ d ifferent liners were run; a
a leng th  on the order of ka from the sound source C on Stant adrntrtance liner and a se~ rrent ed l iner.
p l a n e , In the case of the at ~~i igh t  duc t the resul t s  do not

ahow the same differen ce in the radiated sound prea-
sure level betw een the segmented and constant ad-
mit t ance liners (See F ig .  10.) as did Zor nn kt  (See
F ig. I i . ) .
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~:: - To investigate the effect of geome t ry , th e inlet

configuration shown in Fig. 5 was run with the same

02 - - two liners at the same non~dimensionsl wavenumbers.

00 1 i ._._~~~~ I 
The opposite trends to those predicted by Zorumski

00 Q2 04 ~‘6 ~‘B 0 02 04 6 08 10 
were noted (See Fig. 12 .>; that is, that the seg-

- I . mented l iner  is superior to th e constant admittance
liner in reducing the radiated sound p ressure level s.

~~~~~~ @ Eaci~ Z Station 
ThUS , it  is concluded that geometrical detail, can

1 <
~~maX signifi cantly affect the characteristics of the

Fig. 9. Radial D ist ribu tiOn of the Acoustic 
sound power radiated from dimensionall y similar ducts
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Determination of the Ad~ittance of the L iner
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Nomenclature

A orifice area

c speed of sound

d orifice diameter

f frequency

f resonant frequency of the resona tor

k wave number

L backing depth

~EFF effect ive orifice length

n normal

p acoustic pressure

t orifice length

V cavity volume

v acoustic velocity

Y specific admittance of liner

y ef fec t ive  admittance of liner

Z specific impedance of liner

a absorption coefficient

IT open area ratio of the liner

a open area ratio of a resonator

density

coefficient of viscosity

ii 3.1415926

acoustic potential

e specific resistance ratio

x specific reactance ratio
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The liner , which was employed in the preliminary testing for this

A FOSR contract, was ori ginally developed for another program. Since it

consists of a matix of Nelmhol t z resonators it is hig hly tuned; that is, it has

a rather shar p absorption peak. As discussed in Section II , the liner was

designed for use above the IT cut-off frequency and thus shows little

absorption below this frequency where most of the runs for this program will

be made. Thus the liner must be retuned so that it becomes effective in the

frequency range where most of the testing will be done. In this appendix

basic liner theory is reviewed and a relatively simple redesign of the liner is

proposed to make it more effective in the frequency range of in terest in this

research pr ogram.

For inpu t into the computer program certain values must be known.

Firs t , the sound pressure level at the “driver plane” mus t be known.

Exper imenta l ly  this corresponds to the nozzle-liner plane and can be direct ly

measured. The other value which must be known is the effective admittance

of the liner defined as

-“ 
(D-l)

where t~ is the acoustic potential and is the normal acoustic velocity

defined with an outward fa cing normal.

In Reference I equations are given to calculate the specific acoustic

impedance of an array of he lmholtz resonators , that is

Z = 8 - j ) (  (D-2)
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where the specific resistance ratio e and the specific reactance ratio x

are defined as

4 - — 1/2 te —
~~‘w (i ~~i , p f )  (1 + / d )

(0-3)
~~~~~~~~~ f fo

x -

For the definitions of the variables used here see Figure 0—I .  It will be noted

here that these definitions assume an inward faci ng normal , The resonant

frequency of the resonator is defined as

= 

(0-4)

and the effective orifice length i s found to be

~~FF = t + 0.85 d (1 - 0.7w) 
(D-5)

The specific acoustic admittance is defined -is

1
Y = i =  / p

(D-6)

and since the acoustic potential and the acoustic pressue are related by

p = i ~ ~~k c p

(D-7)

42

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~ 
J



r 
-.-

~~~

-

~~~~

-

~~

--- —

~~

-- 

~~~~~~~~~~~~~~~~~~~~~

-—---—- .

_

L

~~~~~

H

_L1IH
— -

____ _ _ _ _ _ _

Figure  0-1. He lrt h o l t z  Resonator

- : 43

h i  .



~ --
-- -~~~~ - - - 

the effective admittance is found to be

-- - . -- ______
y = — I 2 C  k Y — lp C k 2 2 (0-8)(e -~x

where the minus sign is due to the switch from inward to outwar d facing

normal for the acoustic velocity.

The liner is most effective in damping acoustic waves at its resonant

frequency which for our case is 740 Hz. This is above the iT mode of the

duct which is ‘~~ 695 Hz and thus the full effectiveness of this liner is never

achieved. A plot of the absorption coefficient of the liner , a , vs. frequency

is presented for the present liner configuration in Fi gure 0-2, Here the

absorption coefficient is defined as

= 2 2 (0-9)
(e+1)  -

~
-
~~~~

There are two paths that may be taken to obtain test results at

maximum lin er efficiency. The first method is to purposely drive a IT wave

by using two drivers driving 180 °out of phase. This will create a transverse

acoustic wave structure in the tube and the results can then be compared by

using a mode number of 1 (instead of zero) in the computer programs. The

other al ternative is to redesign the liner such that its resonant frequency is

red uced below the IT mode cut-off frequency. This can be accomplished by

increasing the backing distance , L. By increasing L from 0.5” to 0.775” the

resonant frequency of the liner drops to —685 Hz , below the 11 mode. If the

diameter of the backi ng cavity is also increased from 1.0” to 1.25” the

- - C
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resonant frequency of the liner can be further  reduced to ’550 Hz. Thus , by

simply drilling out the backing cavity the tuning frequency of the liner can

be altered enough so that its absorption peak is well below the IT cut-off

freq uency; that is , in the range of frequencies that will normally be used for

testing in this research program (i.e., 300-650 H z).
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Appendix E

Technical Note to be submitted for puhlication to the AIAA Journal

(Draf t copy)

“Sound Radiation from Ducts: A Comparison of Admittance Values”
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When considering the radiation from an open duct it is found that

some of he energy is radiated and some reflected (with a phase shift ) back

down the duct. It i: common to associate an effective admittance

(impedance or reflection coefficient) at the exit plane with this

phenomonon. In this note three methods for obtaining an effective

admittance are compared.

The first method follows the analyses of Helmholtz and Ray lei gh in

which the end of the duct is approximated by a piston radiating into a half

space from an infinite baffle. In this analysis the classical integral

representation of the solutions of the Helmholtz equation is solved with

certain approximations. Results for this confi guration (commonly known as a

flanged pipe) using this method are presented in Reference 1.

The second method consists of the solution of a Weiner-Hop f type

integral equation. In this anal ysis the duct is assumed to be semi-infinite in

length and infinitely thin. Results for this type of analysis are presented in

Reference 2. This configuration is commonl y known as the unflanged pipe.

It is interesting to note that these two configurations represent the

logical limits of this type of problem in that the first can be viewed as an

inf in i te ly  thick duct while the second is infinitel y thin. Neither of these

confi gurations can account for the case of a duct of finite iength , however.

The third method employs a special cylindrically symmetric integral

representation of the exterior solutions of the Helmholtz equation.3’4’5

Using this method it is possible to calculate the acoustic pressure and

velocity anywhere in the external field - including the inside of the duct

, tse lf. From these values inside the duct an effective admittance can be

calculated using a simple standing wave analysis like that used in an
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impedance tube. All that is required for this method is knowledge of two

complex acoustic quantities (i.e., amplitude and phase) at two points in the

duct.

The geometric restrictions on the integral technique are that the duct

• (or any radiating body) must be a finite (i.e. no infinitely thin walls) closed

body. A sketch of the duct used in this analysis is presented in Figure 1.

To determine if the length of the duct makes a significant difference

• in the admittance values at the duct entrance computer analyses of ducts of

varying lengths were run (i.e. L/a = 1,2,3) at two different non-dimensional

wave numbers (i.e. ka 1 and 3). Since the method is capable of calculating

the actual radially varying admittance across the exit plane of the duct ,

these are presented in Figure 2. The driver consisted of specifying a unit

normal acoustic velocity while on the rest of the body the admittance was

specified as zero. As can be seen the length of the duct L has little effect on

the admittance, defined as the ratio of the component of the acoustic

velocity normal to the surface to the acoustic pressure. Also noted for the

sake of comparison are the values for the flanged and unflanged pipe at the

appropriate values of ka.

Computer analyses of a duct with L/a = 3 were then done with the

same boundary conditions specified as above for various values of ka. For

each case the acoustic potential and velocity were calculated at 11 equally

spaced points along the centerline of the duct from Z I to Z = 2. A

standing wave analysis was then done employing a Least-Square method to

solve the overdetermined system of equations. The results of these analyses

are presented in Figure 3 along with the values for a flanged and an

5l~
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unflanged pipe. Similar analyses were done off the centerline of the duct;

however, no significant differences in the computed values for the

admittance at the entrance plane of the duct were found. Also noted for

comparison in Figure 3 are the values of the admittance calculated on the

• centerline of the duct at the exit plane.
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